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SYNOPSI S 

This thesis deals with the Zeeman perturbed spin echo 
envelope modulation (ZSEEM) and multiple pulse Nuclear Quadru- 
pole Resonance (NQR) investigations on spin I = 3/2 powder 
specimens using a microprocessor-controlled pulsed NQR spectro- 
meter. 

Zeeman perturbed quadrupole energy levels are dependent 
on the asymmetry parameter ( 71 ) of the electric field gradient 
(efg) tensor. For 1=3/2 systems much work on T) has been 
reported earlier in the literature from Zeeman studies using 
continuous wave (c.w.) spectrometers both with single crystals 
and powder specimens. In the case of powders the method of 
Korino and Toyama has been extensively used for the determina- 
tion of 7 ) . However# the use of c.w. spectrometers for this 
purpose has been shown to lead to erroneous results on account 
of modulation broadening effects and generally poor Zeeman NQR 
signals. Pulsed methods do not suffer from this drawback and 
coherent signal averaging can be readily performed to obtain 
better slgnal-to-noise ratio. ZSEEM studies on powders with 
I * 3/2 spins have been performed earlier in our laboratory and 
the preliminary work showed that an analysis of these ZSEEM 
patterns can lead to a determination of n. However# the point- 
by-point acquisition of spin echo amplitude data as a function 
of pulse separation in a two-pulse experiment made this approach 
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tedious and time consuming. In the present thesis we have design- 
ed and constructed 3 microprocessor-control led pulsed NQR spec- 
trometer capable of automatically acquiring the ZSESM data under 
software control. 

The response of NI'JR (l = l/2) systems to multiple pulses 
has been extensively studied in the literature and it has been 
shown that the dipolar broadening could be eliminated and high 
resolution NMR spectra of solids obtained. Similar studies on 
pure NQR (l;> l) spectroscopy have not, however, been pursued 
with vigour. Further we noticed that very little work has been 
carried out on I = 3/2 systems in this regard. We have, there- 
fore, undertaken experimental investigations of responses of NQR 
systems containing I = 3/2 nuclei to multiple pulses using our 
microprocessor-controlled pulsed NQR spectrometer. 

The thesis consists of four chapters. Chapter I describes 
principles of NQR, theoretical description of the transient 
phenomena in NQR spectroscopy and a brief survey of methods of 
NQR detection and instrumentation, A description of line-splitt- 
ing and broadening mechanisms is included in this chapter keep- 
ing in view the material on line narrowing phenomena presented 
in Chapter IV. A brief survey of some applications of NQR 
spectroscopy is also presented in Chapter I which concludes with 
an outline of the scope of the present thesis. 

The microprocessor-controlled pulsed NQR spectrometer used 
in this work has been designed and developed by the author and 
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his collaborators at the Indian Institute of Technology, Kanpur. 
Chapter II describes the automation and control of our pulsed 
NQR spectrometer which uses an Intel 8085-based microprocessor 
system and a signal analyzer equipped with signal averaging, 
processing and computational capabilities. Details of the soft- 
wa re for the generation of several simple and multiple pulse 
sequences are given in this chapter. The high flexibility that 
can be achieved by the use of a microprocessor in pulsed NQR 
instrumentation has been demonstrated. Several simple and 
complex pulsed NQR experiments namely, (i) single-pulse FID 
FT- NQR experiments, (ii) two-pulse experiments such as Lee-Gold- 
burg experiment and ZSEEM experiments, and (iii) multiple-pulse 
experiments have been automated with our present spectrometer 
system, chapter II also gives details concerning the perfor- 
mance of the spectrometer system. Typical recordings obtained 
in various experiments are presented to demonstrate the capabi- 
lities of the set up./ 

Chapter III describes our experimental ZSEEM investiga- 
tions on spin 1=3/2 powder specimens. This study has been under- 
taken with a view to further assess the possibility of evaluat- 
ing the asymmetry parameter T) of the efg tensor from ZSEEM 
patterns. Experimental ZSEEM patterns obtained from a series 
of two-pulse experiments have been compared with theoretically 

simulated pattern to estimate V values. We have carried out 

35 

ZSEEM investigations at Cl sites in the following compounds 
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at room temperatures (i) KClCU (v = 28.0896 MHz), (ii) two sites 

«3 O 

of HgCl 0 (v = 22.0599 MHz; and v „ = 22.2389 MHz), and (iii) two 
sites of SbCl 3 (V q = 20.4015 MHz; and V q = 19.1713 MHz). Our 
present results on rj are in good agreement with those obtained 
earlier by Pamachandran and Narasimhan from our laboratory using 
an unautomated spectrometer system. With the present spectro- 
meter system a single ZSEEM experiment could be done in a few 
minutes ( 10-12 mins.) as compared to several hours that were 
required with the earlier un automated system. 

With the usual two-pulse method of obtaining ZSEEM 
patterns, one has to perform point- by-point measurements of echo 
amplitude as a function of the pulse separation in a series of 
two- pulse experiments. Ernst and coworkers have recently (1985) 
developed a new technique in electron spin resonance (ESR) spec- 
troscopy for obtaining SEEM patterns by a single experiment. In 
this method the spin system is prepared for an extended period 
of time using a weak radio-frequency perturbation followed by 
a strong refocussing 71 -pulse to map the Interactions within the 
spin system. We have successfully adopted this technique for 
the first time in NQR spectroscopy using soft pulse excitation 
for the extended time preparation and obtained ZSEEM patterns 
from spin I * 3/2 powder specimens and these results are also 
presented in Chapter III. The dependence of the ZSEEM patterns 
on the power of the soft pulse has also been studied. 
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Chapter IV of the thesis begins with a survey of the 
earlier work on multiple-pulse experiments in hqr. Details of 
our experimental investigations on the response of spin I = 3/2 
powder specimens to several multiple- pulse sequences are then 
presented. All the pulse sequences employed by us can be catego- 
rized into two general sequences# namely# (i) 9 V (T " e (x+«' T) n : 
hereafter we refer to this sequence as the spin-locking sequence# 
and (ii) 90 -(T-Q -2T-0 -t) # the phase alternated multiple- pulse 

sequence. Some of the well-known pulse sequences studied by us 
include; (a) Carr-Purcell (CP)# (b) Carr- Pu rce 1 1 -Me i boom-G i 1 1 
(GPMG) and (c) Ostrof f -Waugh# sequences . Under the influence of 
these multiple- pulse sequences the transverse magnetization has 
been shown to remain in the X-Y plane for times much larger than 
the spin- spin relaxation time (T ? ). The effective echo decay 
time constant (T^) has been evaluated and its dependence on the 
pulse sequence parameters# namely, (i) the flip angle (9)# (ii) 
the pulse separation, and (iii) phase (/) has been studied and 
the resul ts are presented in this chapter. The effect of reso- 


nance off-set on the equilibrium magnetization and has also 
been investigated here. All these results arc examined in the 
context of currently available theories of multiple- pulse response 
from NQR systems. In contrast to the theoretical predictions of 
Ainbinder and Furman who claim that spin-locking is obtained only 
if the phase 0 in sequence (i) mentioned above satisfies the 
condition 0 - (2 k+ 1 )h/ 2 (where k *= 0# 1, 2), we have observed 
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pin-locking in powder samples containing spin 3/2 nuclei without 
atisfying this condition. 

The thesis concludes with an outline of the scope for 
utur ... experimental and theoretical work in the context of the 

:-rcscnt thesis. 
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CHAPTER I 


INTRODUCTION 
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This chapter gives a brief outlire of the theory of nuclear 
quadrupole interaction, principles of nuclear quadrupole reso- 
nance (NQR) and a description of transient phenomena in NQR. 
Methods of detection of NQR signals are also reviewed. This 
chapter also highlights some applications of NQR spectroscopy. 

Section I. A presents general principles of NuR while 
Section I.B contains a brief description of classical and quan- 
tum mechanical picture of transient phenomena in NQR. Methods 
of detection and instrumentation in NQR are briefly outlined in 
Section I.C. A brief discussion on NQR line broadening mechani- 
sms is presented in Section i.D, while section I.E. presents 
some applications of NQR. The chapter conduces with an outline 
oi; the scope of the present thesis. 


I. A THEORY OF NQR 

In nuclear quadrupole resonance (NQR) spectroscopy the 

■# 

energy levels between which, transitions observed are establish- 
ed by the interaction between the electric quadrupole moment of 
a nucleus {with spin 1 >1) and the electric field gradient (efg) 
arising from the surrounding non-uniform electric charge distri- 
bution [l] .* A nucleus v/ith I >1 possesse s non - spher ical charge 
distribution and hence an electric quadrupole moment [2]. Accord- 
ing to the classical picture, the efg produced by the external 


*Ref erences appear at the end of each chapter. 
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charge cl i stribution _ exerts a torque on the q uadrupoX ar nucleus 

tending to aljc;.ii_ it - .al on g— the. maximum efg _ [3 ] . 

The torque is proportional to both * eD' and 1 eq ' , where 1 eQ ' is 
the scalar electric quadrupole moment and ' eq 1 is the maximum 
component of the efg tensor. Since the nucleus possesses an 
angular momentu m too, this torque gene rates a processional motion. 

The nuclear quadrupole processes about the di rection of the_maxi- 

mum efg with a frequency proportional to the product of 1 eQ ' 

and 1 eq According to t he gu an Jbim -4aecha»ie-al - pi-etu r>a the energy 

of a quadrupolar nucleus in a non- zero efg depends on the orien- 
tation of the nucleus and thus one gets a set of doubly degene- j 
rate quadrupolar energy levels, --Observation, of transitions. ; 

between these quadrupole energy levels by the application of an j 
oscillating radio frequency (r.f ,) fi eld is often referred to as 
* pure NOR 1 . These transitions are magnetic dipole transitions 
between quadrupolar energy levels . After the first direct obser- ! 
vation of NQR by Dehmelt and Kruger [4] in 1950, nuclear quadru- 
pole interaction became readily accessible to many experiment- j 

# I 

a lists for the study of structure, bonding and dynamics in the 

solid state. The observation of transient signals in 1954 by j 

I 

Bloom and Norbery [5 j and Hahn and Herzog [6} has led to a con- 
siderable development which is attributable to the many advan- j 

■ | 

tages .and possibilities of pulse methods. | 

The interaction energy between the nuclear electric charge 

distribution p (x) and its neighbouring electric charge distri- j 
n * 

bution can be expressed [3] as a Taylor series j 


4 


E = 'J(O) ax n + 3 (f” ) 0 /x iPn U) ch 


n 


+ 'k 5 5 t ax3r>o X/x i x jV >0 OT n 

3 

+ i 1 k ( 3^3'^^o /x i X j X k P n( x ) °\ 

+ TT ? S j l ! ^9^ k Tx~io /x i x j x k x l P n( x > dt n 


+ otner higner order terms 


* * ( I • 1 ) 


where V(x) is the electric potential produced by the charge dis- 
tribution external to the nucleus. The first term on the right 
hand side of equation (1.1) is thu Coulomb energy and is of no 
interest here. The second and fourth terms are the dipole and 
the octupole terms and they vanish [ 2 ] due to the symmetry of 

the nuclear charge distribution ( i .e . , P n (x) = P n (-x) ) . The third | 

... ■ .■ ' ' \ | 

term is the guadrupole term and is ; the one of j main interest in this! 

thesis. This term d .scribes the interaction of nuclear electric 


quadrupole moment (q) with the electric field gradient (ve) at its 

position due to surrounding charges. 


r JL = Q.VE 
y 


( 1 . 2 ) 


whore is the quadrupole Hamiltonian, Q and vE, are second rank 
tensors. The nine components (V.j) defining the field gradient 
tensor (vE) in Cartesian coordinate system are. 


V 


? 

3 V 


i j 3x^3 x 


j 


(x, , X. = X, y, 2 ) 


.. ( 1 . 3 ) 
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Here V is the electrostatic potential at the nucleus due to the 
surrounc3ing charges. Since, the electric field at the nucleus 
is produced entirely by charges external to the nucleus, Laplace 
equation is valid, i.e„. 


V + 

XX 


V 


YY 


V 2Z = 0 


( 1 - 4 ) 


’.Iso the efg tensor is symmetric and hence we can represent the 
tensor toy its five irreducible components in the principal axes 
system [7 ] . The asymmetry parameter V of the field gradient 
tensor is defined by the relation 


V = 


V -V 
XX V YY 


V, 


22 


.. (1.5) 


The principal components V^, Vyy and V zz are chosen such that, 
* V XX l < I v yy * < * V 22 * * ^ values can thus range from zero to unity. 

One can obtain a quantum mechanical expression for the 

quadru polar Hamiltonian from the classical energy expression 
(1.2). In the principal co-ordinate system we thus have [7-9] 




A2 

I 


„ , A 2 
n(I x 



which can also be written as 


.. ( 1 . 6 ) 


J-f 


G 


e 2 qQ 
41 (21-1 ) 



f 2 4- 


V2 (i 2 ) ] 


• * (X .6a) 
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where the spin operators I and i_ correspond to raising and 
lowering operators and are defined as 

I + = I x ±±t, .. (1. 6b) 

2 

The quantity e 'qQ in the right hand side of the equation (1.6) 

is often referred to as the quadrupole coupling constant and is 

o 

expressed in frequency units as e gQ/h. 

To calculate the quadrupolar energy levels, from the above ; 

jt # iTifn ^ 

Hamiltonian we need to evaluate the matrix elements J~{ ^ = 

< I, m |X]I, m‘ > . Due to the presence of ^ and when V / 0 , ; 

t w X. l 

this Hamiltonian matrix is not diagonal in the 'm 1 represents-- I 
tion. The normal approach to solve this problem is to construct ; 
linear combinations of spin functions II, m> , l I, m' > having [ 
Am = +2 (where Am = m'-m) and calculate the coefficients in these : 
linear combinations from the energies obtained as the eigenvalues 

I 

of the 7{q matrix. For various values of nuclear spin I, the 
secular equations (roots of these equations are eigen values) 
have been tabulated in the book by Das and Hahn [7]. There have 
boon two basic approaches for obtaining the eigenvalues of the^f^ 
matrix for nuclei with spin I >3/2. In the first approach due to 
Bersohn [ 1 0 ] perturbation theory is employed and the eigenvalues 
are expressed as a power series in n. This approach is satis- 
factory for n <0.25. In the other approach due to Cohen [ 1 1 ] the 
secular equation is solved numerically for various values of V 
and the solutions are tabulated. 
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Al though analytical solutions for 1=1 and 3/2 were availa- 
ble earlier in the literature, only recently methods have been 
developed for obtaining exact analytical solutions of the secular 
equations for spins I = 5/2, 7/2 and 9/2 [12]. The energy 
levels are derived as a function of the interaction parameters. 

It should be noted here that such a general procedure for I =7/2 
pure quadrupole interaction is also applicable for spin I = 3/2 
case with Zeeman interaction [12-14] because the secular equa- 
tions for both of these cases are quartic equations. Recently, 
Krishnan and Sanctuary [ 15 j have used multi pole operator tech- 
nique for the pure quadrupole Hamiltonian with arbitrary asymme- 
try parameter. Using this technique, they have obtained secular 
equations for spins 1=1, 3/2 & 5/2, and solved exactly in terms 
of quadrupole Interaction parameters. 

35 

In the case of I = 3/2 nuclei { Cl nucleus studied in this 
thesis has I = 3/2), we get two sets of doubly degenerate energy 
levels (the secular equation for I = 3/2 pure quadrupole inter- 
action is quadratic) and are given as [7] 


F - 3e 2 qQ , l/2 

e a 2 ,b 2 “ 12* (1 + T> 


E 


^' 1 ' E 1 


(1 + Vl)V2 


.. (1.7) 

.. ( 1 . 8 ) 


where A 1 , B^, A 2 , B 2 are linear combinations of the pure Im > 
functions and are given belowj 
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Aj = cos 

(0/2) 

11/2 >- sin ( 0 / 2 ) 1-3/2 > 

.. (1.9) 

A ^ = sin 

(o/ 2 ) 

t 1/2 > + cos (a/2) l -3/2 > 

.. (I. 10) 

B 1 = cos 

(0/2) 

] -1/2 > - sin (a/2) f 3/2 > 

.. (I. 11) 

82 = sin 

(0/2) 

1-1/2 >+ cos {a/2) | 3/2 > 

.. (1.12) 

where sin a= p 

f/3P, 

cos a = P 



and P = ( 1 + —) ly/2 . 


Since there are only two sets of doubly degenerate energy 

levels and hence only one transition, one cannot obtain both 

2 

, the quadrupole coupling constant (QCC) and T) , the asymme- 
try parameter, from a study of pure NQR of spin 3/2 nuclei. 
Zeemann field has to be applied to lift +m degeneracy which then 
makes it possible to obtain both these parameters characterizing 
quadrupolar interaction. One such procedure for experimentally 
obtaining the asymmetry parameter for I = 3/2 case is described 
in Chapter III of this thesis. The V value so obtained can be 
substituted into the pure quadrupole resonance frequency expre- 
ssion, 

V Q - 1/2 h + j-f /2 

to obtain quadrupole coupling constant . However, it 

should be noted that the sign of the quadrupole coupling cons- 
tant cannot be determined from NQR studies unless an additional 
interaction of known sign, such as dipolar coupling, perturbs 



9 


the system, Mossbauer spectroscopic studies on single crystals 
on the other hand, can yield the sign of quadrupolar coupling 
constant [16], j 

As was mentioned earlier, NQR transitions are magnetic 
dipole transitions just as in the case of NMR, though the energy 
levels originate from an electric interaction. The main diffe- 
rence between NQR and NMR arises due to the +m degeneracy of the 
NQR levels. Because of this degeneracy, if a linearly polarized 
r.f. field of frequency Vq is applied in a direction perpendi- ; 
cular to the axis of quantization ( 2- axis ) .bo th the rotatin g 
components of r.f. field, namely, the one rotating clockwise and 
the other rotating c ounter-cl ockwise^ in the XY-plane can cause | 
transitions. Hence, in the presence of the r.f. field, a linearis 
pulsating magnetization is obtained in the direction of the r.f. 
field, (in NMR, since only one rotating component is effective 
in causing transitions, a rotating magnetization is induced in 

I 

the XY plane.) The presence of a linearly pulsating magnetiza- 
tion in the direction of the appl led r.f field implie s that 
’Cros sed Coll ^ arrangement will not work in a ’pure NQR' study, 

when neither static Zeeman field nor dynamic Zeeman modulation 

______ — — — — t 

i 

fie ld is employed. The presence of these magn etic fields lifts 
the .degeneracy.. gf .. th e + m states and. a rotating magnetization 
would be then induced in the XY-plane and the crossed coil 
arrangement can then be used. A few NQR studies have been 
conducted with crossed coil arrangement with Zeeman modulation 
[17-19]. 
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The present thesis is concerned with the spin echo and 
multiple pulse inve ,tigations on spin 1 = 3/2 NQR systems. We 
shall therefore consider in some detail how transient signals 
(free induction sinnals and spin echo signals) arise in NQR. 

I . B TRANSIENT PHENOMENA IN NQR 

I.B(l) Classical Ficture 

Bloom and Norberg [5], and Hahn and Herzog [6] were the 
first to observe experimentally pulse responses in pure nuclear 
quadrupole resonance. The theoretical explanation of these 
observations can be done either classically or quantum mechanic- 
ally. Before considering a quantum mechanical description of 

tho evolution of the spin system following resonant r.f . pulses# 

*► 

it is helpful to visualize the macroscopic magnetization vector 
M during the various stages of a pulsed NQR experiment [20 ]. 
Such pictures are c. assical in nature and# therefore, have limit- 
ed value. They are, however, very useful for developing an 
intuitive feeling for pulsed resonance experiments [21 ]. 

Consider a single crystal sample oriented in an r.f. coil 
with its efg v 22 - axis perpendicul ar to the coil axis. At thermal 
equilibrium and in the absence of a static magnetic field, the 
magnetization vector has a magnitude of zero. Therefore, the 
system may be thought of as having a positive M z component M + 
and an equal negative component M_. The effect of an r.f. field, 

«H# *+ 

applied along the X-axis, on the magnetization vectors M + and M_ 



11 


is shown in Fig. 1. 1. The magnetic field H = 2H cos cat is 

X 

view'ed as being composed of two rotating parts, each having a 
magnitude of . At the beginning of an r.f. pulse each magne- 
tic field component is perpendicular to each magnetization vector 
component, M and K_ , as is shown in Fig. 1.1(a). The initial 

torque on M + is in the + Y direction and in the -Y direction for 

*♦ 

H_. however, the quadrupole interac tion ca us es to n recess 
about the 2-axis in a counter-clockwise direction looking along 
the +2- axis. The M-component will precess in a clockwise direct- 
ion. Thus, one component of H will remain perpendicular to M , 
provided the applied r.f. field has a frequency equal to the 
resonance frequency v Q . The other component of H follows M_ , 
id remains perpendicular even though M_ spirals away from the 
2-axis. This situation is depicted in Fig, 1.1(b) and 1(c). 

If the pulse is terminated after the M + and M_ vectors 

have been rotated into the XY-plane, it is called a 90 degree 

«♦> 

pulse. As Fig. I. 1 (d) shows, this results in M + and M_ adding 
together along the X-axis and a net linearly polarized macro- 
scopic magnetization is produced along the X-direction. The 
magnitude of M, and M can be deduced from the expressions which 

T *** 

we shall derive later in this section. 

Let us now consider the more realistic situation where a 
distribution of resonant frequencies occurs. The situation is 
depicted in Figs. 1.2(a) to 1.2(d) by considering formation of 
a spin echo signal . It is advantageous for us to visualize the 
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Fig. I. 


b & 


1. The effect of an r.f. field on the macroscopic 
magnetization . 

a) \t the beginning of an r.f. pulse both M and M 
are parallel to the Z-axis. The applied r.f. 
magnetic field is viewed as two components rotating 
in opposite directions with angular velocity C^= hVg 

c) During the pulse the vectors M and M_ spiral away 
from the z-axis, remaining perpendicular to their 
respective rotating Hj component. 

* 4 > 

d) At the end of a 90 pulse, both M + and M_ have 
moved into the X-Y plane . This produces a linearly 
polarized magnetization in the X-direction. 
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Pig. 1.2. The formation of a spin echo following a 90°-' t -180° 

pulse sequence as viewed from the rotating frame 

of M. . 

Hh 


a) After a 90° pulse is applied. 

b) Dephasing of the spins at the end of time t . 

o 

c) A 180 pulse is applied at the end of time x . 

d) The process following the 180° pulse brought the 
spins in phase and an echo is formed at time 2 T. 
Since M + is rotating in the laboratory frame oppo- 
site in direction to M , a linearly polarized M is 


formed. 
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situation in a frame of reference whose z ' coincides with Z, and 
X' and Y 1 rotate counter clockwise about Z-axis with an angular 
velocity Wq. When a distribution of resonannt frequencies 
occurs after a 90 pulse the M + and M_ components do not remain 
constant in amplitude as a function of time, but decay with a 

it 

time constant Tj . This can be visualized graphically by consi- 
dering M as the sum of many vectors spread out like a fan (see 

Fig. 1.2(b)). As time increases after a 90 degree pulse, this 

«♦ 

fan spreads out and the sum, M + , goes to zero. If after a time 
second 180 degree refocussing pulse is applied, the situation 
may be visualized as in Fig. 1.2(c) . Notice that the vectors 
with the highest p recessional rates are behind those with the 
slow rates at the end of 180 degree pulse. After another time t, 
the fast vectors will catch up with the average, the slow ones 
will also coincide with all others, and an echo will be formed 
as in Fig. 1.2(d). A similar situation can be visualized for 

the other component (M__ ) by considering the rotating frame for 

«* 

M_. 

I . B ( 2 ) Quantum Mechanical Treatment of the Formation of Transient 
Signals in NQR 

The expected NQR signals following resonant r.f. pulses can 
be calculated by a quantum mechanical treatment of evolution of 
the spin system. Several approaches have been used in the litera- 
ture for this purpose [22-24]. Density matrix formalism [24,25] 




17 


in the interaction representation provides a convenient method 
of calculating the transient response of an ensemble of quadrupol 
nucl ei . 

The wavefunction W of a system can be expanded in terms of 
a set of orthonormal functions U n which are independent of time 

¥ = E C (t) U_ . . (1.13) 

n n 

The time dependence is carried by the coefficients C n ( t) . 
The expectation value of an operator such as I can be wri tten 

as; 


<1 >= 2 C* C <k II I n> .. (1.14) 

x nk k n x 

The matrix C n C k * is the representation of the matrix elements of 
an operator o , i.e. , 

°nk“ <nl ° |k> = c n c k* ** (I * 15 ^ 

The matrix formed by these elements is called the density matrix 
and the details of its usefulness are discussed in standard text 
books [26,27]. 

In order to calculate the response of a quadrupol a r spin 
system following the r.f . pulse one proceeds as follows : 
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Before the application of r.f. pulse the system is assumed to 
be at thermal equilibrium under the influence of IHq* In the 
high temperature approximation [28] the thermal equilibrium 
density matrix is denoted by °(t < 0) and is given by 

°(t< 0) » exp I kT )]/Tr [ exp ( -X Q j kT )} 

«Tr (II)” 1 [1J -X Q ^kT] .. (1.16) 

where IT is the unit matrix. In order to follow the time develop- 
ment of the system we need to consider only P which is related 
to o by the equation 

o = Tr OS ) -1 [3- (IAt) P] .. ( X. 16a) 

P is referred to as the reduced density matrix. 

The equation of motion for the reduced density matrix can be 

written as 

H = i/h [p,;k] •* (1*17) 

The expectation value of I x# for example, is then given by 

<1 > = Tr (P I ) .. (1.18) 

A Jx 

The quadrupolar Hamiltonian in an axially symmetric field 
gradient (V= 0) in the principal axes system is given by 


2 

nr _ e qQ r .3 A 2 4 2 i 

" 41 (21— lT l 3 X z 1 J 


.. (1.19) 
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In the presence of time-dependent r.f. interaction, the total 
Hamiltonian becomes 

^H(t) = '(H q +7H 1 ( t) .. ( 1 . 20 ) 

where ^(t) = -rh (2 H^ cos (cot)) I .. (I.20a) 

Here, it is assumed that r.f. field is applied along X-direction, 
at right angles to the efg symmetry axis (Z) , with amplitude 
and frequency <*> . In the above equation (1. 20a) j is the gyromag- 
netic ratio of the nucleus under cons ideration . 

If we express energy in frequency units (radians/ sec) , 
and set fi » 1, equation (1.20) becomes for the I = 3/2 case, 

^H(t) = ( 0 Q /2 3-f Q ' + 2 » 1 cos (cot) i x .. (1.21) 

where ^ ' = (i^ - 1/3 I 2 ) 

2 

with co = r H- and = 2_£9. , 
l 1 o 2 

We note that the Hamiltonian (1.21) consists of a large time- 
independent interaction (first term) and a much smaller time- 
dependent term (second term) . In this kind of situations the 
time dependence of the Hamiltonian is effectively removed, by 
studving the dynamics of the spin system in the interaction 
representation, defined by the transformation operator 


U = exp [-i | W Q ' t] 


( 1 . 22 ) 
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Although in the NMR literature this transformation is 
referred to as effecting a transformation to rotating frame it 
does not have any simple geometrical interpretation in the qua- 
drupolar case. 

The transformed Hamiltonian in this representation is given 
by [24 J 

Wt) = u~ 1 K(t) u = | (u o - o )^ h q * +^f 1 (t) .. (1.23) 

The first and second terms of (1.23) are obtained respect- 
ively by the unitary transformation of the first and second terms 
of equation (1.21), the transformation operator being that defined 
in equation (1.22) . 

t 2 1.6) t 

The terms with coherent time dependence e o ' and e o 
in the transformed Hamilton! an jH( t) , are dropped as non-secular 
high frequency oscillations and the spin system is considered to 
evolve, to a good approximation, only by the time independent 
effective HamiltinianJH* (defined below) . The evaluation of 
(H(t) is simplified by using the matrix representation for the 
different operators. With this the time independent effective 
Hamiltonian, in the interaction representation reduces to 

[«*] = (^| ) ^/M +| <AU) [Wq] .. (1.24) 

where Am = (m -m) and 
O' 

[a] is a matrix defined as [24] : 
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0 0 0 
0 0 1 

[A] = 

0 10 
_1 0 0 

The effective Hamiltonian given above in equation (1.24) 
is essentially governed by the strength of the applied r.f. field 
for 1 a)' very close to q q . 


1 

0 

0 

0 


(I. 24a) 


The response of the spin system to r.f. pulse excitation 
can now be calculated by considering the density matrix equation 
of motion. Before the application of r.f. pulses, the spin 
system is assumed to be at thermal equilibrium under the influence 
of the pure quadrupolar Hamiltonian. 


In the high temperature approximation, the thermal equili- 
brium density matrix of the spin system for the I = 3/2 case is 


given by 


0(t < 0) * 


0 ) 'JJ-f ' -1 Q 

Tr[exp(- -p~) ] .exp [ - ~~ 


nr* 

kT 


00 




[TrW' 1 - ^ ] 


(1.25) 


The evolution of the system is not affected by the first 
term. We therefore need to follow the evolution of the thermal 
equilibrium reduced density matrix P(0) alone which we define 
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here as 

P(0) =2K q ' •• (1.26) 

Transforming into the interaction representation, we 

have 

P(0) =Jf Q * = 34 q ’ (1.27) 

because 74 ^ is invariant going into the interaction representa- 
tion. 

The equation of motion that is satisfied by the reduced 
density matrix is | 

= i [P<t>,«*] .. (1.28) 

! 

the solution of which is 1 

! 

| 

I 

P(t) * exp [-iJH* t ] . P(0) .exp [iJH* t ] .. (1.29) i 

Pit) is calculated using some of the properties of exponential 
operators [28] and one obtains for P(t u >, at the end of the 
first pulse written with a width * t^, the expression 

■I 

» 

i 

P(t^) =!Kq cos(v/3 t^) - [B] sin (V 3 o 1 t^) .. (1.30) 

where [b] is a matrix defined as [24]: 
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0 0 


0 



[B] 


0 0 -i 0 
0 i 0 0 


i 0 0 0 


After the pulse Is removed the spin system evolves accord- 
ing to 

P(t') = exp [- t' ]. P( t^) , exp [|(Ao ) ^ t' ] 

.. (1.31) 

where t* = t « t-t^ with t . This equation simplifies to 

give 


P(t') =«Kq cos (V3 co 1 t^ ) -sin(V3 


{[B] cos( Aot*) -[A] sin(Z^t') } .. ( 1 . 32 ) 


Now, with the density matrix describing the evolution of 
the spin system after the pulse (equation 1.32) in hand, we have 
for the Laboratory frame expectation value of the x-component 
of the magnetization [24,29] 

<I v (t*)> * Tr[P(t«) 1 1 .. (1.33) 

X X 

which leads to 

<I x (t ' )> = - sin <' 3 “iV 

{2^3 cos (AG>t 1 ) sin(ot') -2^3 sin(A0>t') sin(G>t ! )> 

.. (1.34) 
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The above equation has been derived assu ming a single resonance 
frequency (w^) but in reality there wi.i 1 be a distribution of 
resonance frequencies about a mean value. This arises from a 
distribution in efg's associated with strains and imperfections 
in a crystal and from dipolar couplings with neighbours. Assuming 
a Gaussian distribution for g (Aw) , we have 


g (Aw) = (2 h ) _1/2 6 -1 exp - [^] 


2 6 


which can be written as. 


g (AW) 


( 27r )-!/2 T ^* 


(AWT * ) 2 

exp [ 5 ] 


where 6 


( AW) 


m *'* 

l 2 


(2 In 2 J 


1/2 

"172 


* * (1.35) 


.. (1.36) 
.. (1.37) 


is the root mean square deviation in A w and (Aw) 
width at half intensity. 


is the half 


The average over the distribution is given by 


— -T- ^ TT (27.)-^ . r' A “ 2 T f , , 

<I x (t , )> ~ ir~ £co<I x > • ex P [ 2 J 

T 2 

~ * sln( V3y H 1 t w ) . exp [ ] sin(w o t' ) 

2T 2 

.. (1.38) 

The voltage induced in the coil is obtained by taking the time 

derivative of <1 (t')> . Hence, we have, for the induced 

, 

voltage in a coil along the x-axis of the crystal (efg x-axis). 


25 


W 2 -i- 1 2 

AV X = K V3 (-^) sin (V3 rH^) exp( — yg- ) cos(« 0 t') 

2 T a 

.. (1.39) 

where K is a constant depending on the number of nuclei and coil 
geometry. Due to the exponential damping term, the induced 
voltage decays at a rate determined by T 2 . This voltage 
represents the free induction decay ( FID) signal following a 
single pulse and has a maximum value for a p ul s e width = 
K/2V3T usually called the 71/ 2 pulse. 

f\> 

We can show by substituting I v and l_ for I into the 
equation (1.33) that < > and <l^> are both zero. Hence the 

r.f . voltage induced in a coil perpendicular to the r.f . field 
is zero, again confirming the fact that a crossed coil experi- 
ment is not possible in pure NQR. 

By extending the above analysis, we can obtain the res- 
ponse to a two-pulse sequence. Such a response can be related 
to echo envelope modulation function £ (2 1) . We shall postpone 
a discussion of this to Chapter III whe re we present the details 
of our study on echo envelope modulation in NQR for I *3/2 case. 

The above treatment is applicable only to the case of a 
single crystal oriented such that the efg v zz axis is perpendi- 
cular to the axis of the r.f. coil. In a powdered crystalline 
sample the effective r.f. field seen by a crystallite is 
H 1 cos©, where © is the angle between H 1 direction and the 
X axis of the efg tensor of the crystallite. The component of 
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I along the coil axis is therefore I .cosO. 

X X 

Let us now consider the meaning ~>f 90° end 180° pulses for 
the case of powder samples. For this purpose we can consider 
the equation (1.39) without including the exponential damping 
factor. 

co 2 

AV X = rt (--) sin(N/'3'm i t w ) cos(to o t) .. (1.40) 

When powder specimen are studied, this result has to be 
modified by taking all possible orientations of the crystallites 
in a powder into consideration. 

If a crystallite is oriented with its efg X-axis making 
an angle 9 with the coil axis, the effective rf. field along the 
efg X-axis of the crystallite will be 

H^ eff ^ = H 1 cosQ 

Also the signal induced in the coil will no longer be proportion- 
al to the < i^( t) > since it is linearly polarized at an angle 9 
with the coil axis. The component along the axis of the coil 
is responsible for the signal and is given by 

Q 2 

(Av) =K^3 (t0=) .cos9.sin( '/‘3'rH- t cos9> .cos(o t) .. (1.41) 

coil 4kt i w o 

Since all the crystallites are randomly oriented, the 
fraction with their X-axis pointing at an angle between 9 and 
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© + d© with respect to direction is given by 

2 TtsinQ.d© _ sin© .d© 

""471 “ 2 


(AV) 


coil ma ^ now avora 9 e< 3 over all possible orientations 


(AV) 


coil 


K^3 


o 0 2 e=n 

(vvr;) -cos ( 0 ) t) / cosQ.sin('/'3 TH.coset ) 

L kK,± O r\—r\ 1 W 


sin© ,d© 
2 


(1.42) 


This integral can be easily evaluated by changing the 
independent variable © to x (with a substitution of cos© = x) 

and the result is 


(AV) 


coil 


* K^3 (t§^) cos^t. -4r [sin£-tcos£j 


' 4kT 


T 


(1.43) 


where £ = V3r t^. This equation can be written as 


— 

(AV) coi i = KV3 (■£—) cos6) Q t. J x (|) .. (1. 43a) 

whoro J^S) is the spherical Bessel function with an argument 6. 

It is interesting to plot CKS?) coil as a function of 
^37H^t w since this quantity represents the rotational angle of 
the pulse for spins 1*3/2 and the plot determines the signal 
following a resonant pulse as a function of pulse width (pulse 
flip angle). This plot is shown in Fig. 1.3(b). It can be seen 
from the plot the signal does not equal zero when 



Signal Amplitude (Arbitrary Units) 
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Pulse flip angle(9 = /3THit w ) 
(Radians) 


Various points A.B.C etc. on the curve corres- 
pond to the following '9’ values; 

A : TT/2 (90°); B; TT (180°), 

C: 3 TT/2 (270°) i D: 2TT(360°). 


Fig. 1*3 (a) A plot showing response to a single resonant pulse 
of a single crystal NQR sample (1=3/2) as a 
function of pulse flip angle (0=y3rH*j t w ). 




Signal Amplitude (Arbitrary Units) 
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^ Pulse flip angle (G^TH} t w ) 
(Radians) 


Various points A.B.C etc. on the curve corres- 
pond to the following '9' values 

A: 0-6617(119°) } B: 1-42TT(257°); 

C : 1-88 17 (340°); D: 2-4617(443°). 


Fig.I-3(b) Same as in Fig-I-3(a), but the response is from 
polycrystalUne sample . 




30 


equals ft as it does with a single crystal (Fig. 1.3(a)). Thus, 

0 

a so-called "180" pulse is longer for a powder sample than for 

a single crystal. Fig. 1.3(b) also indicates that successive 

maxima will, decrease as the pulse width is increased. This 

does not occur in a single crystal. Similarly a longer pulse 

width must be used to maximize the FID in powders than in single 

crystals. The required width for a so called "90° pulse" for 

powders is found from first maxima at point A (Fig. 1.3(b)) 

which corresponds to 0.66 ft rather than 0.5ft for single crystals. 

It is also Interesting to note from Fig. 1.3(b) that the width 

of the 180 refocussing pulse (first maximum) following the 90 

pulse (in a 90 °-t- 1S0° sequence) is different from width of a 

180° pulse which gives zero FID signal. The 180° refocussing 

pulse width corresponds to the difference between the first 

maximum (point A) and the first minimum (point C) for which 

V3r H, t must equal 1.22 ft (1.88ft - 0.66 ft ) . In the latter case 
1 w 

(where we get zero FID) the 180° pulse corresponds to a value of 

1.43ft (point B) . Both of these values are different from the 

value ft for single crystals. All these trends have been obser- 

35 

ved in our experiment on 'Cl studies on powder samples. 

An expression similar to that of equation (1.43(a)) has 
been obtained by Peterson [20] for 1=1 case. Das and Saha [23 j 
have obtained an expression for the pulse response applicable 
for guadru~ polar nuclei of any general spin in single crystals 
with axial symmetry. Powder averaging of this result yields an 
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expression with the same functional form as that of equation 
(1.43(a)). Hence it is expected that the pure NQR pulse res- 
ponses from powders containing nuclei with arbitrary spin and 
T)= 0 follow the same trend as far as the pulse width require- 
ments of so-called "90 degree" and "180 degree" pulses are 
concerned. 

I.C A BRIEF SURVEY OF METHODS OF NQR DETECTION AND INSTRU- 
MENTATION 

I.C(l) Continuous Wave (c.w.) Techniques 

There are several techniques available for the detection 
of nuclear quadrupole Interaction. Some of these techniques 
have been reviewed recently by Smith [30, 3l]. In this section 
we are concerned only with NQR methods of detecting this inter- 
action. 

The detection of NQR signals requires an r.f. transmitter 
(an oscillator) operating at the appropriate frequency and a 
receiver working at the same frequency. In the continuous wave 
(c.w.) NQR spectrometers separate transmitter and detector are not 
usually employed; rather an oscillator detector combination is 
used, i.e., one which detects the change in the oscillation 
level of an oscillator in the presence of NQR absorption by a 
sample placed in the coil forming part of the tank circuit. 

Three types of oscillators have been employed in NQR viz., the 
marginal oscillator [ 32 - 34 ], the regenerative oscillator [ 35 ] 
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and the super- regenerative oscillator (SRO) [36-40], Though 
there have been se” aral versions of all these oscillators only 
a few of the typical versions of them are being cited here. 

"^Marginal oscillators have been extensively used for the study 

of NQR especially in the lower frequency range primarily to 

3L 4 r" — & v_ 

study N NQR [4 1-43 J* J Significant improvement in sensitivity 
has been achieved by the use of field-effect Transistors (FET's) 
in the marginal oscillators [44,45] FET-based marginal oscilla- 
tors working at higher frequencies (30-40 MHz) have also been 
described in the literature [46,47], ^Marginal oscillators are 
favoured for line shape studies since they are capable of repro- 
ducing accurate line shape. These oscillators are well suited 
for the NQR study of saturable nuclei with lohg spin-lattice 
relaxation time because of their operation at low r.f . le vels , 1 

Regenerative oscillators/ as a rule, have poor sensitivity 
though they do possess good line shape response [48]. Regenera- 
tive oscillator circuits for operation at very high frequencies 
have been constructed and used for NQR studies [48,49]. Livingston 
and Zeldas [49] have constructed a regenerative oscillator using 
triodes (6C4) and employing transmission line-tuned circuit 
operating at frequencies in the range 150-350 MHz . Another 
regenerative oscillator circuit based on co-axial bridge has 
been developed by Kesserling and Gautshi [50] for observing 
high-frequency NQR signals. An important advantage of the 
regnerative oscillator is its response only to the absorption 
line shape. A spectrometer based on regenerative oscillator 
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with feedback control [51 ] has been constructed earlier in our 
laboratory [52] for the measurement of accurate line widths. 

Pure absorption signals are readily obtained using regenerative 
oscillators as they respond only to absorption line shape. How- 
ever, searching for unknown signals is very difficult using 
these oscillators because of their poor sensitivity. 

”\~SRO , s have the highest sensitivity among these three 
types of oscillators and are very simple in their design. Hence 
these oscillators have been extensively used for NQR studies. 
However, it is not easy to get pure absorption line shapes using 
simple SRO's. Yet, SRO's are ideally suited for the detection 
of NQR signals over wide frequency ranges because of their sensi- 
tivity.! However, because of the presence of quench side bands 
exact frequency measurement is difficult. Dean and Poliak [39] 
have described a spectrometer with side band suppression so that 
only the main band of the SRO induces NQR signals. An improved 
version of SRO based NQR spectrometer which incorporates auto- 
matic gain control and side-band suppression has been described 
by Smith and Tong [40]. Oscillators to be used at higher fre- 
quencies require specialized circuits. Variable frequency SRO's 
employing * butterfly* capacitors have been constructed and used 
in the frequency range 200 to 650 MHz [53]. Various aspects of 
SRO based spectrometers and their utility for the detection of 
NQR signals have been reviewed by Smith [54] in a series of 
articles. A recent review article by Porte [43] gives relevant 
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literature references to various SRO circuits. Injection- and 
Phase-locking of an SRO to a stable external crystal oscillator 
can improve its frequency stability and line shape response 
[ 55-58 j. Hence, signal averaging can be undertaken in such 
spectrometers to increase the signal-to-noise ratio of weak NQR 
signals [58]. It should be added here that yet another import- 
ant class of oscillators, namely, limited oscillators have 
recently been described by Robinson [59]. These oscillators are 
characterized by high sensitivity and relatively large frequency 
range of operation. 

I .C (2) Pulse and Double Resonance Techniques 

Pulse techniques are much more advantageous in the detect- 
ion of NQR because of their higher sensitivity. In these tech- 
niques, the pulsed r.f. power is applied to the sample and the 
signals are detected by the receiver in the 'off* period of the 
transmitter. The advantages of pulsed NQR spectrometers are 
manyfold, namely they, (i) overcome the saturation and modula- 
tion problems that are associated with c.w. spectrometers, (ii) 
improve the sensitivity to wide lines, (iii) in addition to the 
detection of NQR signals and corresponding interaction parame- 
ters, pulse methods allow the measurement of various relaxation 
time constants, namely, T^, T 2 and T 2 * , (iv) the fast signal 
averaging possibilities in pulsed spectrometers help improve 
signal-to-noise ratio in relatively shorter time periods. 
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small splittings in a NQR spectrum caused by dipolar or indirect 
spin-spin interactions can also be detected by pulsed spin-echo 
technique as modulations on the echo envelope [7,60]. 

It is pertinent to mention at this point that the c.w. 
methods of detection generally suffer from spurious signals and 
instabilities which are annoying and time-consuming to the expe- 
rimenter. ^Producing a false echo is impossible with a pulsed 
NQR spectrometer. Thus, if a spin echo is detected, it is surely 
due to a nuclear signal."] Also, since pulse NQR techniques are 
more sensitive and do not suffer from the observation of false 
resonances, a properly designed pulsed NQR spectrometer can be 
conveniently used to search for new resonances with faster rates 
[61 ]. A point worth mentioning here is the effect of a small 
magnetic field on NQR signals With c.w. spectrometers, i.e., in 
the frequency domain one notices a line broadening while with 
pulsed spectrometer, i.e., in time domain the echo signals 
appear sharper. 

Time-domain response in a pulsed experiment is related to 
frequency-domain response by the Fourier Transform (FT) . Fourier 
transform techniques have been applied in the area of NQR spec- 
troscopy [62-64]. \petails of Pulsed and FT-NQR spectrometers 
are available in the literature [7, 20, 60-68] J] FT-NQR method 
has been employed for the detection of fine structure of NQR 
lines arising out of direct [63] and indirect spin-spin inter- 
actions [64,67]. Mention may be made here of a recently developed 
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technique , namely, the time domain zero field NQR technique based 
on field cycling methods [69]. This method is characterized by 
high sensitivity and resolution at low frequencies. 

Detection of rare nuclei whose resonances are very weak 
due to low natural abundance and/or low quadrupole coupling 
constant, is not possible by the conventional NQR methods des- 
cribed above. Application, of double resonance methods for the 
detection of such quadrupolar nuclei, greatly enhances the sensi- 
tivity. All the nuclear double resonance techniques depend on 
there being present in the same substance a nuclear species ’p" 
(observe nucleus) with a large nuclear resonance signal and 
strongly coupled to the rare nuclear species *Q* of interest for 
the detection. A variety of nuclear quadrupole double resonance 
techniques have been developed and implemented in the literature 
[70-78]. Several reviews describing these techniques have been 
published [79-83], The principles involved in various double 
resonance techniques will now be described. These can broadly 
bo divided into two categories, namely, (i) pure quadrupole 
double resonance ( PQDR ) where the observe nucleus 'p' and the 
nucleus to be detected * Q ' are both quadrupolar. The detection 
of NQR signal of 'Q 1 -spins is done by monitoring the pure qua- 
drupole resonance signal of 'p'-spins, and (2) NMR-based quadru- 
pole double resonance where the observe nuclear 'p' resonance is 
monitored in high magnetic fields (NMR signal) while the 'Q‘- 
spin irradiation is done in the absence of magnetic field or a 
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small Zeeman field where necessary. There are several PQDR 
schemas that are employed in the literature which can be classi- 
fied d into four types, namely, 

i) spin-echo double resonance (S3D0R) 

ii) double resonance in the rotating frame (DRRF) 

iii) steady-state double resonance (SSDR) 
and iv) double resonance; following adiabatic demagnetization 
in the rotating frame (DR/ADRF) . 

(i) The spin-echo double resonance ( SEDOR) technique [70, 71 ] 
employs a V./ 2-T-rr pulse sequence for the 1 p' -spins to produce 
a spin-echo signal. The spin-echo signal is monitored while 
applying a resonant perturbation to the 'g '-spins. 'Q '-spin 
perturbation can either be resonant c.w. irradiation [70 j or a 
resonant n -pulse in the 'Q'-spin channel coincident with the 

H -pulse in the ‘p'-spin channel [71 3- Change in the echo signal 
amplitude of 'p'-soins as a function of 'Q'-spin irradiation 
frequency gives the quadrupole resonance spectrum of 'Q ‘-spins . 

(ii) In the method of double resonance in the rotating frame 
(DRRF) [72] the 'p'-spins that are initially at the lattice 
temperature are brought to a state of low spin- temperature in 
their rotating frame by the application of a resonant 7l/2 pulse 
followed by a 90° phase-shifted spin-locking pulse. When the 
‘p'-spins are in the spin-locked condition thermal contact is 
established between the 'p'-spins and the 1 Q' -spins by irradiat- 
ing the latter at their laboratory frame resonance frequency 

ii ■ ■ 
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and satisfying the Hartmann-Hahn condition [72] , where 

6)^ and Wq are the resonance frequencies of 'p' and 'Q'-spin 
systems in their respective rotating frames. The double reso- 
nance effect is monitored by observing the reduction in ampli- 
tude of spin-locked free induction decay of 'p '-spins as a func- 
tion of 'Q'-spin irradiation frequency. 

(iii) in the steady-state double resonance method (SSDR) [74] 
the *p '-spins are subjected to a train of coherent near- resonant 
r.f. pulses of a few microseconds width and a pulse separation 

' t ' which is small compared to T 2 * . This results in the 'p'- 
spins reaching a steady- state, definable by a spin- temperature . 
The 'p '-spin magnetization is monitored only when the r.f. field 
is off and the double resonance detection of the 'Q '-spins of 
interest is effected by applying suitable c.w. irradiation at the 
'Q'-spin resonance frequency. 

(iv) In the DR/ADRF method, i.e. double resonance following ADRF 
(adiabatic demagnetization in the rota ting frame) one prepares 
the quadrupole 'P'-spin system in the spin-locked state along 
H 1ti ( after a 90° pulse) and then adiabatically demagnetizes by 
reducing the spin-locking field (H^ p ) to zero. The internal 
order and energy will then reside in the 'P‘ system [72]. This 
ordered energy of 1 P* spins can be transferred to P-Q energy 
sink by a burst of saturating r.f. field at 'Q' spins (H.^) at 
the laboratory resonance condition. After H 1Q is applied for a 
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time t (in the demagnetized state of * P '-spins), it is turned 
off. The cumulative reduction in 1 P‘--spin energy (for n saturat- 
ing pulses in the 'Q' spin channel) will be reflected in a reduc- 
tion of 'P'-spin magnetization which is recovered and observed 
after is adiabatically turned on, and then abruptly turned 

off. 

So far we have outlined the principles involved in various 
methods of PQDR. We now consider briefly some of the NMR-based 
quadrupole double resonance techniques, namely, 

i) double resonance by level crossing (DRLC) in a low 
magnetic field, 

ii) double resonance with spin mixing by continuous coupling 
(DRCC), and double resonance with coupled multiplots 
(DRCM) , 

and iii) double resonance in the laboratory frame via the solid 
effect. 

These three methods are described below: 

(i) The double resonance by level crossing (DRLC) in the labora- 
tory frame [73,75] can be used in cases where the nucleus to be 
detected 'Q‘ has non-zero electric quadrupole interaction and 
the 'P'-spin is NMR active (I = l/ 2 usually) with a large gyro- 
magnetic ratio. In the absence of Zeeman magnetic field the 
'P'-spin levels are degenerate (without any splitting), while 
the 'Q'-spin quadrupole levels are split in the local electric 
field gradient. On the other hand, in a high enough magnetic 
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field, the Zeeman splitting of 1 P" will be larger than the qua- 
drupole splittings of 1 Q 1 levels. Somewhere between these two 
extremes, the Zeeman splittings of the ' P' -spins and the zeeman- 
perturbed electric qua drupole splittings of the -spins will 
be the same. At this value of the magnetic field, resonance 
energy transfer between the two spin species is possible, and 
if the spin- temperatures of the two systems differ, they soon 
equalize. The effect of the radiofrequency perturbation of the 
'Q' system can now be transferred to the 'P' system via the P-Q 
dipole-dipole coupling and the double resonance effect can be 
detected as a change in the NMR signal of the 'P' -spins. The 
high and low field regions may be physically separated with the 
sample shuttling between these two regions [73] or- the fields may 
be switched between high and low values without sample shuttling 
[84]. 

\\ 

(iii) There are two other double resonance methods which are 
similar to DRLC in principle but the sensitivity in these two 
methods is more because of continuous thermal coupling of ’Q 
spin states with the 1 P 1 -spin reservoir. Those methods are double 
resonance with spin mixing by continuous coupling (DRCC) [77] and 
double resonance with coupled multiplets ( DRCM ) [78], The limi- 
tation on the sensitivity of DRLC for small numbers of 'Q' -spins 
may be removed by arranging that the 'P' and 'Q'-spin systems 
remain in good thermal contact during the irradiation phase. In 
these circumstances a small number of *Q '-spins may continuously 
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absorb power and pass it to the 'P'-spins without saturation 
occurring until th* total polarization of abundant 'P'-spins has 
been destroyed. This is the principle underlying the DRCC 
method. In DRCM, during the irradiation phase the multiplets 
of ' Q '-spins are continuously coupled thermally to the 'P'-spin 
reservoir. 

(iii) Double resonance in the laboratory from via the 'solid- 
effect' (DRSE) : Dipolar coupling between the integer nuclear 
spins (Q-spin systems) in an asymmetric electric field gradient 
and other spins ( 'P'-spin system) is reduced to a great extent 
in zero magnetic field [35] . This effect is usually called spin 
quenching. However, it should be noted that the two spin sys- 
tems ( 'P' and 'Q' ) can be coupled by the application of a strong 
r.f. magnetic field to the sample with a frequency cither (a) 
near one of the quadrupole transitions frequencies of the 'Q' 
nuclei when the sample is in zero magnetic field and the 'P'- 
spins exhibit no quadrupole coupling, or (b) equal to co p + 
when the Zeeman or quadrupole coupling of the 'P' and 'Q 1 nuclei 
is non-zero. Here 6)_ is one of the transition frequencies 

Jr 

between the energy levels of the ' P' nuclei, and is that 
of the 'Q' nuclei. This effect is one of the forms of the 
* solid effect* [86]. Nuclear double resonance detection can 
now be done via the coupling due to solid effect (DRSE) . The 
'P'- and 'Q '-spins are left .in contact until thermal equilibrium 
of both spin systems with the lattice is reached. At this 
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moment, a strong r.f . field pulse at frequency m close to is 
applied to the sample. At the end of this pulse, a 90° pulse is 
applied to the 'P'-spin system at one of the 'P'-spin resonance 
frequency and the 'P'-spin free induction decay amplitude is 
measured. Now, the same process is repeated without the strong 
r.f. field pulse at to, and the 'P'-spin free induction decay 
amplitude at a frequency to p is again measured. The difference 
between the two free induction decays recorded as a function of 
to gives the double resonance signal. 

All these double resonance techniques have been used to 

o 1011 14 

detect the resonances of rare nuclei such as H, ' B, 

23.. 39., 85,87_. 133. 17 rt 27-.. . , _ . . , 

No, K, Rb, Cs, 0, A1 etc., with relative ease m 

several chemically interesting compounds. Thus, Jones and 

Hartmann [74] have used SSDR technique to detect 40#4 *K in their 

natural abundance from KC10 3 . Ireland and Brown [76] have used 

2 

SEDOR technique to detect D nuclear guadrupole resonance in 

DMn(CO) 5 . Wei den et al. [87] have used SEDOR method to detect 

73 39 R6 R7 133 

the nuclear quadrupole resonances of Na, K, ' Rb and Cs 

i 7 

nuclei in natural abundance and ' 0 in enriched samples of the 
corresponding chlorates and bromates. They have also invest!- 
gated the Al resonances in KAljbr^ [88,89] and in ( 3, 5-ClCgH 3 0- 
AlBr 2 ) 2 [89] using SEDOR technique. Recently a new DRRP tech- 
nique based on off-resonant pulse methods has been developed and 

r i 23 

implemented by Ramachandran and Narasimhan [90 j to detect Na 
in NaCl0 3 . This method is highly sensitive and works with low 
transmitter power in the observe channel. 
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Following the work of Hahn and co-workers [91 ] who have 

17 

showed, for the first time, that 0 NQR signals could be detec- 
ted in natural abundance by the use of double resonance techni- 
ques involving sample transfer, there has been a wealth of lite- 
rature on this subject. Thus, Poplett and Smith [92] have used 

39 

DRSE technique for the detection of K in several potassium 
salts. Poplett et al., have also used highly sensitive double 
resonance techniques such as DRSE [93], DRCM [94-96] and DRLC 
[ 95 ] to detect nuclear quadrupole resonances of 17 0 and 2 h in 
their natural abundance from several compounds . They have also 

no o 

used DRLC technique [97 ] to detect Na and h NQR signals in 

23 

some hydroxide compounds. These authors have detected ' Na qua- 
drupole resonances by a special variation of the usual level- 
crossing technique and pointed out that the modification is parti- 
cularly useful in the study of half integral spin nuclei with long 

T^ . Budak et al., [98] have also used DRLC technique to detect 

2 14 

H and N NQR signals in cytosine and cytosine hydrobromide . 

Apart from obtaining the quadrupole interaction parameters these 

double resonance techniques have been employed by them to detect 

2 10 11 

the dipolar structure in many compounds containing H, * B and 

*4 *7 

0 [99]. An interesting example of the usefulness of these double 

resonance methods has recently been demonstrated by Smith and 

co-workers [100] who investigated proton disorder in hydrogen 

bonded carboxylic acid dimers. Edmonds and Mailer [id] have 

23 

earlier studied Na by DRLC method in NaOH. Brosnan and 
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Edmonds [102] have used DRCM technique to study ^ 0 in ice. 

Cheng and Brown [l03j have successfully used DRLC technique to 
17 

detect 0 NQR signals in several organic compounds. Avignon 
and Brown [l04] have used this technique (DRLC) to study ^N NQR 
spectra of several metal complexes involving metal-nitrogen 
interactions. Lots and Voitlander [l05j have also used DRLC 

*1 *t i *1 a 

technique to study ' ' B and **H resonances in • Kado 

et al. [106/ 107] have used a sensitive nuclear triple resonance 

method to detect naturally abundant 0 NQR signals in some 

organic solids. This method is closely related in its principle 

to that described by Hahn and coworkers [91 ]. Recently Lotz 

10 11 14 

et al. have studied ' B and N resonances in several ring 

compounds with transannular boron-ni trogen bonds [108], and 
14 r -> 

N NQR in boras ine [ 109 j . Spectrometers for pulsed NQR double 
resonance have been described in the literature [68, 73, 80, 84, 
98, 103, 110-114]. 

In recent years computer/microproct ssor-control led pulsed 
NQR spectrometers have been described in the literature [60, 
115-117 ] . These systems have much more flexibility than the hard 
wired pulse programmer-based spectrometers and are capable of 
automatic acquisition, averaging and processing of NQR signal 
data. Chapter II of the present thesis gives the details of a 
microprocessor-controlled pulsed NQR spectrometer [117] designed 
and developed in our laboratory. 
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I .D like splitting and broadening mechanisms in nqr 

in many case;, the fine structure of NQR lines cannot be 
revealed because of line broadening effects. In such situations 
the use of suitable line narrowing methods similar to those used 
in solid state NMR [ll8] might remove the interactions which 
normally broaden NQR lines and yield valuable information on the 
fine structure. Chapter IV of this thesis is concerned with 
line narrowing studies using multiple pulse sequences. It is, 
therefore, felt appropriate to include here a brief discription 
of various sources of line broadening and splitting in NQR spec- 
troscopy. 

In general, width, shape and structure of NQR signals can 
have contributions from both static and dynamic effects [7 j. For 
example, magnetic dipole-dipole interactions, indirect spin-spin 
interactions, perturbations due to lattice impurities, disloca- 
tions, and vibrational and rotational rations of the molecules 
modify the line shapes, width and structure of NQR linos. In 
this section wo consider these factors that could contribute to 
line width and lino splitting in NQR spectra. 

* 

I.D(l) Splitting and Broadening of NQR Spectra due to Magneti c 
interactions 

There are two types of magnetic interactions possible 
between the resonant nucleus and other surrounding nuclei of the 
same or different species (non- resonant nuclei). 
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i) A direct magnetic dipole-dipole interaction between 
neighbouring nuclei [119], 

and ii) indirect spin-spin interaction between two nuclei 
( J-interaction) . 

(i) When the resonant nucleus has a very close neighbor, 
the magnetic dipole-dipole interaction with it predominates over 
that of distant neighbors, and a fine splitting of the quadrupole 
spectra is produced, which is analgous to the 'Pake splitting' in 
NMR [l 19, 120] . An example of this kind of splitting occurs in 
HIO^ (iodic acid) where the splitting is due to interaction 
between the proton and the 1 nucleus [48]. In recent years, 
with the development of sensitive nuclear quadrupole double reso- 
nance techniques, dipolar structure has been detected in many 
compounds containing 2 H and 10# 11 B [92, 99-102, 12l]. In all 
these cases the quadrupolar nuclei are directly bonded to hydrogen 
or fluorine atoms which have a large magnetic moment. The magnetic 
dipole-dipole interaction between the resonant nucleus and other 
distant neighboring nuclei, other than the very close neighbour, 
broadens the NQR lines and the fine components produced by the 
action of the close neighbour will not be seen. When there is no 
particular close neighbor, only a broadening of the NQR spectra 
occurs . 

(ii) Indirect spin-spin interaction between two nuclei 
(J-interaction) originates from the magnetic interactions of 

two nuclei with the electrons that form the chemical bond between 
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them [122-124], Ainbinder and Shaposhnikov [124] have given a 
theoretical analys: ~l of indirect spin- pin interaction in NQR 
spectroscopy. The j-interaction can lead to an oppreciable fine 
splitting of the quadrupole spectra as its short range effect is 
sufficiently strong to overcome the direct dipole-dipole inter- 
action. J-interaction can also occur between nuclei in atoms 
which are not directly bonded to one another but through other 
atoms, in such cases, however, it will be weak [122], hence its 
effects on the quadrupole spectra (broadened by dipolar and other 
interactions) may not be revealed by the usual methods. Some of 

the examples where J-interactions have been observed by conven- 

127 

tional c.w. methods are between the I nuclei in I,,, between 

73 127 35 

Br nucle in B^, and between I and ' Cl nuclei in IC1 in 

the solid state. Kojima et al. [125] have observed a five-line 
pattern for the 3/2 ; — > 1/2 transition in solid iodine arising 
out of J-interaction between the two iodine atoms. Other authors 
have subsequently studied the splittings due to J-interactions 
[ 51 , 126 - 128 ]. Indirect spin-spin interactions would be expect- 
ed to be stronger in the case of bonds between heavier atoms . 

Thus we may expect fairly large spin- spin interactions in As, Sb 
and Bi halides, particularly in bromides and iodides. 

It should be mentioned here that, in NMR spectroscopy, line 
narrowing techniques which selectively average certain broaden- 
ing interactions have been developed and implemented to obtain 
high resolution NMR spectra in solids [118]. Designing of 
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appropriate multiple pulse sequences and implementing them in 
NQR spectroscopy tc achieve suppression of the dipolar and other 
broadening interactions and obtaining high resolution is of enor- 
mous interest since the j-interaction can then be well-studied. 

I.D(2) Electrical Sources of Broadening 

Dislocations and strains in the crystal or powder grains 
[51, 126, 129] are known to broaden the quadrupole spectra. The 
broadening due to strains and dislocations arises from random 
distribution of field gradients at nuclear sites. Similarly, a 
distribution in field gradients is produced by the disorder in 
the crystal lattice [l30] . Presence of impurities in the crystal 
lattice also causes a random distribution of environment around 
different nuclei, and hence leads to a broadening of the pure 
quadrupole lines [131, 132 j. 

I.D(3) Line Broadening due to Dynamic Effects 

In NQR, torsional motions contribute most to the spin 
lattice relaxation. Since spin-lattice relaxation limits the 
life time of the excited state* it contributes to a line broade- 
ning mechanism known as "life-time broadening" . Hence, the con- 
tribution to line widths from dynamic effects are related to 
and are generally estimated to be of the order of tens of Hertz. 

Torsional motions in the solid state cause a time depend- 
ence in the efg parameters q and V. Since these motions are 
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interrupted by interaction with vibrational and rotational 
degrees of freedom of the molecules. Thus, random fluctuations 
in the field gradient arise at the site of the nucleus. If these 


fluctuations have a Fourier frequency component in the neighbor- 
hood of a quadrupole resonance frequency of the nucleus, it will 
induce transitions between the corresponding quadrupole energy 
levels and produce relaxation effects. The component in the 
vicinity of causes Am = +1 transitions and that in the vici- 
nity of causes Am = +2 transitions. Bayer [133] has calcu- 

T T 

lated these transition probabilities W. _ and W,„ for Am = +1 

■,y\ +1 ~r<c *— 

* s j C-- * mm ~~ 

and Am = + 2 , respectively^ ), Considering the molecules as oscilla- 
ting in a nearly parabolic potential well. With this picture, 
the energy levels of the torsional motion resemble those of a 
harmonic oscillator. Woessner and Gutowsky [134] have calculat- 
ed W +1 and W +2 for spin 3/2 nuclei following the basic approach 
of Bayer but using more detailed harmonic oscillator dynamics. 

The experimental studies of Weber [l35j on p-dichlorobenzene 
lend support to theories based on Bayer's approach. 


{* 


I.E SOME APPLICATIONS OF NQR SPECTROSCOPY 

A considerable amount of information regarding the electro- 
nic environment around a quadrupolar nucleus can be obtained from 
NQR spectroscopy [7, 54, 136, 137]. NQR spectroscopic studies 
yield information on efg parameters — , the quadrupole coup- 

ling constant (QCC) and 7), the asymmetry parameter. These 
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parameters reveal the electronic distribution leading to a better 
understanding of the chemical bond and other related properties 
of the molecule or ion in which the nucleus is involved in the 
solid state. A large amount of studies on chemical applications 
of NQR have been carried out in the literature and have been 
reviewed extensively [31, 43, 54, 136-140]. In this section we 
shall highlight some of the typical applications. 

In cases where more than one NQR frequency exists, the 
information on both the interaction parameters, namely, QCC and 
V can be obtained from NQR spectroscopy, in case of I = 3/2, 
Zeeman NQR studies are required to obtain information on both 
these parameters . From single crystal studies it is also possi- 
ble to determine the orientation of principal axes of the efg 
tensor with respect to the crystal axes. These data are quite 
useful in elucidating the nature of the chemical bond and the 
charge distribution in the solid state where the molecules are 
no longer free but under the influence of neighboring molecules. 

The small difference in quadrupole interaction parameters 
in gaseous and solid state may be interpreted in terms of inter- 
molecular interactions in the solid state . An understanding of 
the nuclear quadrupole interaction in free molecules and in the 
molecules in solid state, in terms of their electron distribution 
can therefore lead to an insight into the intermolecular inter- 
actions present in the solid state [7 ]. 



QCC involves a nuclear property Q and a molecular property 
q. Hence, a knowledge of one can determine the other through 
the experimental coupling constants. The quantity q is related 
to tho charge distribution over the molecule and an exact des- 
cription of the charge distribution in turn requires a knowledge 
of wave functions of very high quality (Hartree-Fock SCF quality 
with a basis set containing core as well as valence shell atomic 
orbitals) . One can resort to one of the several choices for the 
molecular wave functions, typically, valence-bond or molecular 
orbital wave functions. Also whenever necessary the configura- 
tion interaction, and variations in geometry should be taken into 
consideration. An exact calculation of efg components requires 
rigorous evaluation of a number of molecular one-electron inte- 
grals of one-, two-, or three-centre kind. Results of ab initio 
level efg calculations for free molecules have been reviewed by 
Lucken [136], Moccia and Zandomeneghi [l4l], Snyder and Bosch 
[142] and Palmer [143]. High sensitivity of the theoretically 
calculated efg values towards the changes in molecular geometry 
necessitates the "frozen nucleus" calculations to be supplemented 
by vibrational averaging [144-146] over the molecular motion in 
order to obtain good agreement with experimental results. Such 
sophisticated calculations at the ab initio level are expected 
to yield accurate efg’s and from these one can obtain precise 
values for the nuclear quadrupole moment using experimental 
QCC's of free molecules as obtained from sources such as micro- 
wave spectroscopy [136] . CENTR ^ I, lJ?r?ARY 
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Ab initio calculations of efg's on large molecules is 
rather cumbersome and requires large computer time. The problem 
becomes more serious if the molecules contain polar bonds and a 
Cl-based calculation is required. In such situations and also 
in the cases where limited computer time is available, the use 
of empirical and semi-empirical methods would be appropriate. 

The pioneering work in this direction was that of Townes and 
Dailey [l47]. Expressions for q's at the nucleus of interest 
based on the Townes-Dailey approach are available [7, 136]. The 
efg's are expressed in terms of electron populations on the 
p-orbi tals . The contributions from the inner core of atoms are 
completely neglected. Thus the Sternheimer [148, 149] effects 
are not considered. These effects pi ay an important role in the 
evaluation of efg's when deformations of electron core takes 
place either by electric field gradient due to outer orbitals or 
by nuclear quadrupole moment. Cotton and Harris [l50], Sichel 
and Whitehead [l5l], and White and Drago [152] have attempted to 
remove some of the deficiencies of the Townes-Dailey approach. 
Some authors [136, 153 ] have employed p-orbital populations 
obtained from semi-empirical as well as ab initio MO calcula- 
tions with a view to correlate the efg's of first and second 
row atoms, especially using the Towenes-Dailey type approach 
and have obtained varying success. Dewar et al. [154] have 
used MINDO/3 method to calculate efg's at N-site in some mole- 
cules. Two other groups of workers [l55, 156] have made semi- 
empirical SCP MO level calculations in several molecules at 
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deuterium site. Recently Thankachan and Narasimhan [157] 
have calculated efg's in several molecules at D, Li, N and 0 
sites using four different semi-empirical SCF MO methods. Since 
the cfg operator is a one electron operator and samples the 
region of space close to the nucleus, the behaviour of the semi- 
empirical wavefunctions in this region can be properly assessed 
by these calculations. All the above referred calculations of 
q values pertain to isolated 'free 1 molecules. No satisfactory 
method is as yet available for the calculation of wavefunctions 
of molecules in the solid state. Accordingly one can use the 
data on free molecules only as a guide line for the interpreta- 
tion of quadrupole couplings obtained from the solid state as in 
NQR spectroscopy. 

1 4 

Bray et al.,[l58] have analyzed the results of N NQR data 
in solids using Townes-Dailey approach. They have also used NQR 
data to correlate biological activity of certain biologically 
important molecules. For planar molecules the asymmetry para- 
meter (T) ) for halogen nuclei can be related to the double bond 
character of the bond in which the halogen atom takes part [7, 
159]. The interpretation of quadrupole interaction parameters 
can also give an insight into the hybridization of molecules 
and ionic character of the chemical bonds in them [7, 136, 160]. 
NQR spectral parameters can also be correlated with several other 
chemical- and physico-chemical constants, such as i) Hammet-Taft 
a parameters which give substituent effects on a particular 
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reaction series/ (ii) electronegativities, and (iii) dissocia- 
tion constants [136, 160], NQR technique is also useful for 
studying nature of bonding in addition compounds [l6l]. 

Efg's are quite insensitive to isotopic substitution and 
hence the ratio of quadrupole moments of different isotopes can 
be obtained from the ratio of QCC's from a NQR study of the same 
compound with different isotopes. This is one of the most accu- 
rate methods of obtaining nuclear quadrupole moment ratios for 
different isotopes [162-164]. 

NQR spectroscopy can also be used to distinguish between 
"chemically inequivalent" and "physically inequi valent" sites of 
the same quadru polar nucleus in a crys tal [7]. "Chemical inequi- 
valence" implies that the magnitudes of the components of efg 
tensor are different between the two sites whereas "physical 
inequivalence" implies the orientations of the efg principal 
axes arc different though the magnitudes of the components of efg 
tensor are same for the two sites. Hence , "chemically inequiva- 
lent" sites would have different NQR frequencies and it is a 
straightforward matter to distinguish between them using NQR. 
"physically inequi valent sites would have same NQR frequencies 
at lower temperatures. However, the NQR frequencies of two 
different "physically inequivalent" sites are expected to have 
different temperature dependences. Hence, at high enough tempe- 
ratures when the tortional motions play an important role, even 
"physically inequivalent " sites could have different NQR 
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frequencies. This situation is illustrated by the Cl NQR 

frequencies in chloroform [l65j. "Chemical inequivalence' 1 also 

arises from the stereochemistry of the atoms in molecules and 

hence NQR frequencies can be used to study stereochemistry in the 

solid state [54, 137], Apart from crystal structure, it is also 

possible to identify crystal modifications in favourable cases. 

3 5 

A recent study of Cl in SrCciO^^ at room temperature by 

V. Ramakrishna et al. [166] has revealed the presence of three 

35 

physically inequivalent Cl sites. These authors have conclud- 
ed that the crystal belongs to the monoclinic class and the addi- 
tional situ may be due to the twinning (crystal modification) 
present in the crystal . 

NQR frequencies ( v ) are quite sensitive to temperature 
changes. Useful information regarding molecular motions in 
solids can be obtained from a systematic study of the tempera- 
ture dependence of the mqr frequency. Normally, the temperature 
coefficient of the NQR frequency, d^^/dT, is negative. Bayer 
[133] has pointed out that this type of behaviour can be explain- 
ed by an averaging of efg's to lower values by the increased 
amplitudes of tortional motions at high temperature s . However, 
Bayer's theory does not predict the presence of positive tempe- 
rature coefficients . Kushida, Benedek and Bloembergen (KBB) 

[167] have shown on the basis of lattice dynamic arguments that 
Bayer's theory predicts only 0 ^ q /3T) v whereas the experimental 
measurements are done under constant pressure conditions and the 
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have given a simple theory for pressure dependences of through 
a description of pressure dependence of the efg. In crystals 
whore intermolecular binding is weak, a large positive pressure 
coefficient is observed and as binding becomes stronger the pre- 
ssure coefficient decreases, goes to zero and finally becomes 
negative for very strong intermolecular binding. Mackowiak et al. 
[lS5] have recently performed a high pressure NQR study of the 
phase transition in anilinium iodide in the temperature range 
77 K to 290 K. Their study revealed a negative pressure coeffi- 
cient for the NQR frequency. They have also evaluated QCC and T) 
at various pressures. Their results confirm the close connection 
between the mechanism of the phase transition and the dynamics of 
the N-H + l“ hydrogen bonds. 

In the past several years pulsed NQR methods have been 
widely employed to obtain information concerning structural 
and dynamical aspects of molecules in solids. A survey of appli- 
cations of pulse methods in NQR has been made by Guibe [42]. 
Information about the molecular dynamics in the solid state can 
be obtained by using pulsed NQR techniques [134, 135, 178] by 
studying the relaxation behavior of the nuclear spins following 
the application of resonant r.f. pulses. In quadrupolar spin 
systems the spin lattice relaxation can be quantitatively related 
to the nature and frequency of the molecular and lattice motions 
[133-135, 186]. Spin-spin and spin-lattice relaxation processes 
are temperature and pressure dependent. An accurate measurement 
of these NQR spectral parameters as a function of temperature 
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and pressure therefore leads to valuable information on lattice 
dynamics. 

Unlike c.w. methods, pulsed-Fourier transforms (FT) tech- 
niques do not suffer from modulation broadening effects. This 
fact has advantageously been used for resolution enhancement of 
NQR lines. Gibson et al . [64] have employed FT-NQR method for 
studying fine structure in solid chlorine. Mackowiak et al. 

[67] have employed this technique for the study of spin-spin 
interactions in the ferroelectric phase of solid HCl. Lucken 
and coworkers [62, 187-193] have employed FT technique for obtain- 
ing fine structure [62, 190] and also for Zeeman NQR investiga- 
tions in single crystals [187, 193]. The doublet splitting 

Q Cl 

observed by them in the Cl FT-NQR spectrum of PCl 3 [190] has 

31 35 

been ascribed to the effect of P- Cl dipole-dipole coupling. 
Apart from obtaining quadrupole interaction parameters of NQR 
lines in several organic molecules, their FT-NQR studies have 
also shed considerable light on conformations and symmetries 
[187, 191-193] of the molecules in crystals. Ambrosetti et al. 
[194] have studied 14 N FT-NQR at the ferroelectric transition in 
NaN0 2 . 

It is pertinent to mention here that FT-NQR technique 
together with appropriate line-narrowing techniques could further 
resolve the fine structure generally masked in broad NQR lines. 
Thus, line-narrowing techniques assume a special significance 
in NQR spectroscopy. Some of our attempts in the direction of 
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line narrowing in NQR are described in Chapter IV of the present 
thesis. 

New possibilities have been introduced with the develop- 
ment of pulsed double resonance techniques which allow measurement 
of very weak quadrupole interactions from less sensitive and/or 

low natural abundant quadrupolar nuclei. Double resonance tech- 

17 1 

niques have been utilized to resolve the structure due to 0 H 

dipolar splitting [31, 99]. This splitting pattern has been uti- 

17 

lized to deduce the sign of 0 quadrupole coupling constant and 

the orientation of the principal axes with respect to the 0-H bond 

direction. The elements hydrogen, nitrogen and oxygen have 

important role in the compounds of chemical and biochemical 

importance. Prior to the development of double resonance tech- 
14 

niques, only N out of the above mentioned elements was investi- 

14 

gated. Even in the case of N, the experimental difficulties 
associated with instrumentation made it very difficult to under- 
take systematic investigations of nitrogen quadrupole couplings. 
Now, with the advent of double resonance techniques it has become 

possible to obtain NQR data on these important elements, namely, 

2 14 17 

H, N, and 0 in natural abundance in a fashion which may be 
described as routine in comparison to the earlier era. Review 
articles by Blinc [79], Ragle and Minott [81 ] and Poplett [82] 
gives a detailed survey of double resonance techniques in NQR 
spectroscopy and their applications. It must be emphasized here 
that the above presentation has been made with a view to illus- 
trate some of the typical applications of NQR and no attempt 
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has been made to present an extensive survey of the literature. 

Amongst the potential applications of NQR spectroscopy 
mention may be made of the possibility of observing a weak inter- 
action, namely, hexadecapole interaction which is an interaction 
between a nuclear electric hexadecapole moment and its surround- 
ing charge distribution. The interaction Hamiltonian, is 

given as (fifth term in the equation 1.1): 


Hex 


&L6 


~4 


.. (1.44) 


and are fourth rank tensors describing nuclear electric 
hexadecapole moment (M^g) and the fourth derivative Of the 
potential (V^) at the nuclear site due to charges external to 


it. 


M^g exists for a nucleus only if its spin I >2. 


Nuclear hexadecapole interaction (HDI) perturbs quadru- 
polar energy levels and the expressions for NQR frequencies in 
terms of HDI are given in the literature [5l]. It should how- 
ever, be mentioned that nuclear hexadecapole coupling constants 
are expected to be extremely small (of the order of a few kHz) 
and hence a precise experimental determination of quadrupole 
resonance frequencies is required for its detection through NQR. 

Wang [5l] has measured the three NQR transition frequencies of 
1 9 3 

Sb (I = 7/2) nucleus in SbBr^, with the accuracy that was 
possible with his experimental set up, and reported for the 
first time the existence of measurable hexadecapole coupling in 
123 Sb. Later scxne more workers [195-199] have investigated the 
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possibility of detecting HDI through NQR spectroscopy. Some of 
them [196, 198] supoort the existence of hexadecapole inter- 
action, while others [195, 197] do not. Recently, Doering and 

Waugh [200] have attempted to observe the splitting pattern in 

1 81 

the NMR signal of ' Ta in KTaO^ due to electric hexadecapole 

181 

coupling. On account of cubic symmetry around Ta the elec- 
tric quadrupole interaction in this compound should vanish. 
However, the absence of perfect cubic symmetry could lead to a 
residual quadrupolar interaction. This and the magnetic dipole- 
dipole couplings can in principle be suppressed by using multiple- 
pulse line narrowing methods. Infact, Doering and Waugh attempt- 
ed the use of multiple pulse line narrowing method for this 

purpose. Experimental difficulties prevented the observation 

181 

of signal response to WAHUHA 4-pulse sequence on Ta and hence 

it was not possible for them to observe splittings due to HDI. 

181 

However, they have observed NMR signal of Ta at two different 

magnetic fields and the r evaluated from the two corresponding 

1 3 , 

resonance frequencies is constant. This means that the observed 
NMR line-width ( 12 kHz) is not due to magnetic field inhomogenei- 
ties. Also the magnetic dipole-dipole broadening in this compound 
has been estimated to be very small. The only cause for this 
broadening could therefore be either due to quadrupolar-broade- 
ning or due to hexadecapol e-broadening. If the former is the 
cause the expected quadrupole coupling constant (QCC) would be 
30 kHz for this line-width of 12 kHz and if the latter is res- 
ponsible for the broadening the expected hexadecapole coupling 



62 


constant (HCC) would be 400 kHz. In fact, their theoretical 
estimate for QCC considering maximum expected imperfections gave 
a value of 30 kHz and an estimate of HCC considering maximum anti- 
shielding factor and othe r induced charge effects gave a value for 
the splitting due to HCC be of the order of a hundred Hz. Hence, 
the authors have favoured the cause for the broadening to be the 
quadrupolo coupling arising from imperfections in cubic crystals 
rather than the hexadecapole coupling. They have also been able 
to fit Gotou's [l9S] NQR experimental data without invoking the 
HDI and thus have concluded that Gotou's data do not support the 
claim that he has observed hexadecapole interaction. 

It should be mentioned here that, as the NQR frequencies 
are very sensitive to temperature variations an exact measurement 
of all the three quadrupole resonance frequencies in the case of 
1=7/2 system should be made at precisely the same temperature 
in order to help verify the existence of HDI by means of the NQR 
spectroscopic method . 

Prom the above discussion, it is clear that NQR is a valua- 
ble tool for the investigation of structure, bonding and dynamics 
in solid state. 

The research activity in this area is reflected in the 
eight bi-annual "international Symposia" that were held in the 
recent past. Proceedings of the first two symposia have been 
published in the form of books [201, 202] while papers presented 
in the subsequent symposia have appeared in Scientific Journals, 
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namely/ "journal of Magnetic Resonance" and "Journal of Molecular 
Structure". The papers of a recent symposium (1985) have been 
published in Part ' A 1 of "Zeitschrift fur Naturforschung" . 

1 * E SCOPE OF THE PRESENT THESIS 

Spin echo techniques in NQR facilitate an accurate study of 
weaker interactions as the inhomogeneous contributions to the 
resonance linewidth, which often cause problems in the steady- 
state techniques will be removed in the formation of spin echo. 
Echo envelope modulation studies in the presence of small Zeeman 
interaction facilitate the evaluation of the asymmetry parameter 
hy of the efg tensor for spin I = 3/2 nuclei in polycrystalline 
specimens. Earlier workers from this laboratory have utilized 
Zeeman- perturbed spin echo envelope modulation (ZSEEM) studies to 
examine the possibility of evaluation of f)[203]. They utilized a. 
home-built spectrometer system [90 ] whose operation was completely 
manual and hence performing ZSEEM experiments with that instrument 
was tedious and time consuming. For this purpose and also for the 
purpose of performing many other complex experiments based on 
multiple pulse sequences we have automated this pulsed NQR 
spectrometer using a microprocessor and a signal analyzer. 

Chapter II of this thesis deals with the generation of 
pulse sequences using a microprocessor and gives the details of 
automation and control of several pulsed NQR experiments. This 
chapter concludes with the evaluation of performance of the new 
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spectrometer system by a presentation of typical results of 
various experiments . 

In Chapter III, the results of ZSE3M studies on I = 3/2 
polycrystalline samples using the automated spectrometer system 
have been presented. Apart from two pulse echo envelope modula- 
tion studies. Chapter III also presents the results of our studies 
on the use of extended excitation for obtaining ZSEEM in NQR. 

Our microprocessor controlled pulse NQR spectrometer system 
is capable of generating several multiple pluse sequences. We 
have studied the effect of various multiple-pulse sequences on 
spin 3/2 polycrystalline samples and the results arc presented in 
Chapter IV. Experimental results on effects of pulse sequence 
parameters and resonance off-set are presented and discussed in 
this chapter. 

The thesis concludes with an outline of the scope for 
future work. 

Summary 

in this chapter a discussion of the basic theory and appli- 
cations of NQR has been presented which has been followed by a 
brief survey of various methods of NQR detection and instrumen- 
tation. Classical picture of formation of transient signals in 
NQR and their quantum mechanical description based on density 
matrix formalism has been outlined in this chapter. A description 
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of line splitting and broadening mechanisms in NQR has been 
included. The scope of the present thesis has also been out- 
lined here. 

In the next chapter, the details of control of the spectro- 
meter and automation of data acquisition using a microprocessor 
and a signal analyzer will be presented. 
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This chapter deals with, (i) automation and control of a 
pulsed NQR spectrometer using a microprocessor, (ii) generation 
of various pulse sequences by the microprocessor, and (iii) incor 
poration of signal averaging, processing and Fourier transform 
facilities using a signal analyzer. 

Section II. A is devoted to a review on performance require- 
ments, automation and control of pulsed NQR spectrometers. Detail 
of the present microprocessor-controlled pulsed NQR spectrometer 
are outlined in section II. B and section II. C gives the hardware 
details of the microprocessor system. Software developed for 
the generation of various pulse sequences is described in 
section II. D, while section II .E deals with the automation of 
various pulsed NQR experiments. The chapter concludes with 
section II. F which presents capabilities and performance evalua- 
tion of the present spectrometer system. 


II. A AUTOMATION AND CONTROL OF PULSED NQR SPECTROMETERS s 

GENERAL BACKGRO UND 

II.A(l) introduction 

The aim of this section is to survey briefly the litera- 
ture related to automation and control of pulsed NQR spectro- 
meters and to indicate the specific requirements for each sub- 
system of the spectrometer. 

NQR signals are often very weak and broad. Their observa- 
tion requires pulse techniques where signal- to-noise ratio can 
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be conveniently 'improved by coherently averaging the transient 
signals. The spin echo method of Hahn [l] has been successfully 
adapted to NQR spectroscopy [2/3]. There have been a large number 
of modifications on the original spin echo experiment and these 
involve variations in the amplitude, phase, duration, separation 
and number of the r.f. pulses employed. Multiple pulse and 
double resonance investigations are amongst some of these experi- 
ments. The task of performing all these varieties of experiments 
with ease and also employing signal averaging techniques, Fourier 
transforming of time domain signals to frequency domain etc, are 
some of the many reasons for automating pulsed NQR spectrometers . 

It is common practice that a researcher working in NQR 
designs and constructs his own spectrometer depending upon the 
frequency range of interest. Such home-built systems generally 
suffer from a dependence on manual operation which is not only 
tedious but also lacks precision and reproducibility. Interfac- 
ing these instruments to mini-computers/microprocessors can 
greatly enhance their performance and reduce the time required 
for carrying out the experiments. 

The main functions demanded of such an automated system 

are : 

i) Generation of simple as well as complex pulse sequences, 
ii) Control and automatic adjustment of parameters like pulse 
width, pulse separation, frequency, phase, probe damping 


etc. 



iii) Acquisition, time averaging and processing of signals. 


iv) 


Automatic processing of data in various complex experi- 
ments . 



We may point out at this juncture that the main components 
of a pulsed NQR spectrometer are essentially same as that of a 
high-power variable frequency solid-state pulsed NMR spectrometer, 
except for the magnet. 

Block diagram of a typical pulsed NQR spectrometer system 
is shown in Pig. II. 1. The main functions of various components 
of the system can be described as follows: 

R.f. from a stable oscillator is fed to a phase shifting 
device to obtain r.f. of desired phases . These are gated in the 
gating scheme with the help of logic pulses from the pulse gene- 
rator. It should be noted here that the pulse generator may be 
a hard-wired one or one which is controlled by a Computer- Computer 
interface to the spectrometer is shown with dashed lines in the 
block diagram of Pig. II. 1. T he r.f. pulse sequence with desired 
relative phases from the gate system is a mplified and coupled to 
the sample coil of the probe assembly. The NQR signal induced 
in the sample coll as a response to the applied pulse sequence is 
received and detected by the receiver syste m. The detec ted NQR 
signals can either be displayed on an oscilloscope for the visual 
observation or be recorded through a boxcar integrator. In the 
case of spectrometers with sig nal averager/comput er interfaced 
to it the NQR signals can be averaged, stored and processed 


further. 



TRANSMITTER RECEIVER 



interfacing is shown in dashed lines) 
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In what follows, we shall review some features of the main 
units that form part of an automated NQR system, keeping in mind 
that some of these are also common for NMR systems. For the 
generation of the pulse sequences one needs a pulse programmer 
which gates the transmitter and receiver. The pulse programmer 
is also used to control data acquisition and trigger various other 
peripherals. After a review of the various types of pulse pro- 
grammers described in the literature, we shall deal with trans- 
mitter and receiver details. This will be followed by a discu- 
ssion of the methodology of data acquisition and spectrometer 
automation. ! 

I I . A ( 2 ) Pulse Programmers 

The central control unit of a pulsed spectrometer is the 
pulse programmer (pulse generator) . .A versatile pulse programmer 

I 

greatly enhances the range of experiments which can be performed 

s 

I 

by the spectrometer. The pulse programmer should therefore be [ 

( 

capable of generating a large variety of pulse sequences, ranging 
from single pulse to complicated multiple pulse sequences used In | 

line narrowing experiments. The pulse programmer should also be | 

flexible enough to quickly change the pulse sequence and to incor- j 
porate new pulse sequences. An ideal way of achieving such a | 

flexibility is to use computer/microprocessor to control pulse j 

sequence generator. 

There have been a large number of publications describing j 

. ■ ■ | 

pulse programmers of varying levels of sophistication. A review 
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article by Geiger and Hols [ 4 ] gives a detailed account of pulse 
programmers and their control. Different types of pulse progra- 
mmers may be divided broadly into 

i) hardware pulse programmers/ 

ii) hardware pulse programmers with software control, 

iii) pure software pulse programmers. 

In the hardware pulse programmers we have again two types, 
namely, (a) single purpose rigid hardware pulse programmers, and 
(b) flexible hardware pulse programmers with hardware control. 

As we are concerned with automation of spectrometer systems, 
single purpose hardware pulse generators are not of much interest 
to us here. However, the ideas involved in some of the flexible 
hardware pulse programmers with hardware control will be consi- 
dered, because these ideas help in understanding the concepts 
involved in software controlled pulse programmers. Three types 
of basic modules are used in flexible hardware pulse generators 
(Fig. 11.2(a)). These are (i) clock module, (ii) single pulse 
channel modules (or counter modules) and (iii) recycling control 
modules . The clock module provides clock pulses to various pulse 
channel modules and starts pulse sequences. Each pulse channel 
module generates a gating pulse for the transmitter, then a start 
pulse is sent to the next module after a required amount of delay. 
The gating pulse width may be controlled by using monostable 
multi- vibrator or digitally by using high frequency counters. 

These modules can therefore be thought of as consisting of two 
simple counter modules, one counting the pulse width, the other 
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Fig. II. 2 Block diagrams of flexible hardware pulse generators: (a) Using a 

cascade of pulse channel modules, (b) Using hardware control circuitry. 
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the delay time. This concept was pursued for the first time by 
Lalanne and Eletr [5], and later modified by Lind [6] and 
Adduci et. al . [7], The recycling control module recycles the 
output of any channel to trigger the previous channel a preselect- 
ed number of times. Thus, repetitive pulse sub-groups may be 
generated. 

Another way of designing a flexible hardware pulse genera- 
tor was described by Ellett et al [8] and Shenoy et al. [9]. 

Shenoy et al. have used only one counter to produce all delays 
and pulse widths. Five sets of thumbwheel switches allow the 
preselection of three pulse widths and two delay times. The 
setting of these thumbwheel switches is compared with the actual 
counter reading by a coincidence circuit. The selection of the 
actual thumbwheel switch is done by a 'stage counter' according 
to the desired pulse program (Fig. 11.2(b)). Different pulse 
sequences are produced by using different 'logic circuits' which i 
are selected by the thumbwheel switch reading. The pulse pro- 
grammer described by Ellett et al. [8] was different from this | 

'1 

in one aspect that these authors have used plug-in chards to 
select different pulse sequences. ! 

The hardware pulse programmers with software control can 
now be understood as follows: | 

The thumbwheel switch setting is replaced by data stored in ! 
a memory or an internal register of a microprocessor/mini-computer.; 
The selection logic under 'stage counter* and control is transforms 
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to program instructions read under program counter control. The 
realization of new pulse sequences is thus essentially reduced 
to a software problem. This kind of pulse programmer is organi- 
zed like a central processor of a computer. There will be essen- 
tially three main components; the memory unit/ the control logic 
circuitry and the address counter. In the memory, data, and 
instructions are stored, which are needed to produce pulse 
sequences. The control logic circuitry decodes bit patterns 
read from the memory and accordingly selects pulse and trigger 
channels, produces pulse widths and delay times etc. The address 
circuitry provides the address of the next memory word to be treat- 
ed. Programmable pulse programmers are described by Ellett et al. 
[8] and Matson [lO], In these designs pulse widths and also 
partly delay times are produced using manually set monoflops for 

i 

continuous pulse width adjustment, in recent designs pulse widths 
^re produced digitally using very high frequency counters enabling ; 
fine adjustment. In this case the control words in the memory 
specify the logic levels of the output channels and the time 
during which this state will remain unchanged, before the next 
control word to be executed, which specifies the new state of 
the output channels. This concept is also realized in commer- 
cially available [ll] timing simulators (TS) . Karlicek and Lowe 
[l2] described the use of this device (TS) in a broad band pulsed j 
NMR spectrometer. Bruker Spectrospin AG [13] also used this 
method in CXP- spectrometer series. Whereas the TS used by I 

Karlicek et al., allows only sequential execution of the memory i 
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contents/ the CXP pulse generator allows address modification to 
execute programmed jumps. There are other software controlled 
hardware pulse generators such as that described by Lapray et al. 
[14] where only the timing data is stored in the memory and a 
hard wired program logic selects the required pulse sequence. In 
contrast to this Toms [15] stores only level and address jump 
information in a shift register memory that circulates constantly 
and established in this way the time intervals. Caron and 
Herzog [16] described a programmable timer which works in a 
similar way to the TS mentioned above, but also allows sub- burst 
generation by looping. 

So far we have considered hardware pulse generators con- 
trolled by computer software; coming to the pure software pulse 
generators Wright and Rogers [17] and Huang and Rogers [18] 
described systems where pulse sequences are totally produced by 
the computer without any hardware circuit. In these designs the 
basis of the timing clock is the definite execution time of the 
software instructions and thus the time intervals are produced 
by software counters, in pure software pulse generators some of 
the output lines of the computer are used to output logic levels 
whose duration can be changed by appropriate software program 
(software counters). In some of the applications where conti- 
nuous variation of pulses is required, the logic levels produced 
by the computer are used to trigger monostable multivibrators. 

The length of each monostable pulse is varied manually to form 
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90° or 180° pulses. This method (pure software pulse generation) 
is relatively easier to implement but puts a considerable load on 
the CPU. Software pulse generators are also used in the systems 
described by Geiger and Hertz [19] where the time base to produce 
proper intervals between gating pulses is given by hardware 
interrupts of the programmable computer clock rather than by the 
execution time of software instructions. Pulse width is con- 
trolled directly through the computer by using a digital counter 
with multiplexed output. Pure software pulse generators can be 
implemented at a low cost using microprocessors with sufficient 
number of I/O lines [20] . 

Finally, it should be noted that in the field of pulse 
sequence generation the most promising line of development is 
the use of flexible hardware pulse generators operating under 
software control. in such designs controlling the pulse sequence 
generator is only part of the main functions of the computer and 
the computer will be available for other purposes as well. How- 
ever, in the case of pure software pulse generators the computer 
is completely occupied with the job of pulse sequence generation. 
For example, in the systems described by Ellett et al. [8] and 
in the Bruker CXP-series spectrometers the computer controls the 
whole spectrometer apart from controlling the pulse generator. 
Here again, we mention that a convenient and inexpensive version 
is the use of microprocessor [12] to control the time interval 
settings (via latched BCD lines) in a commercial multipulse 
generator. Ader et al. [21 ] have used the microprocessor which 
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supervises a programmable clock and the data acquisition module. 
Thus microprocessor provides a relatively inexpensive alternative 
to the dedicated computer approach and at the same time provides 
all the computing power necessary to implement a stand alone 
computer-based system. Extended pulse programmer functions such 
as autoincrementation of pulse spacings [20,22] can be easily 
performed using the microprocessor software. A multitude of 
commonly used pulse sequence programs can be stored in read-only 
memory (ROM) of the microprocessor for instant access or alter- 
nately, any desired new pulse sequence can be quickly created at 
the console key-board. 

It is pertinent to mention at this point that a versatile 
pulse programmer based on two LSI timer chips [Advanced Micro- 
Devices, Am 9513 System Timing Controller (STC) ] controlled by 
a 16-bit microcomputer is described by H.S. Jaimes et al. [23], 

Am 9513 timer has 5 independent programmable counters which can 
be programmed to count either in binary or in BCD and can be 
reloaded automatically from a load or hold register. It also 
allows dynamic reconfiguration and has a maximum counting fre- 
quency of 7 MHz. These properties of the timer makes the pulse 
programmer flexible with good pulse width resolution. Mohr et al. 
[24] demonstrated an elegant way of controlling a versatile pulse 
sequence generator (PSG) using an Apple II computer. The Apple II 
computer available with them was engaged in controlling the whole 
experimental apparatus. Therefore, the important requirement 
for their pulse sequence generator was that it operates with a 
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minimum of computer supervision. They have used Am 9513 counter/ 
timer chips and high speed TTL counters (74F190) as fast timers/ 
and have come up with a design where all the operating parameters 
input to the pulse sequence generator from the computer are 
latched for later use. This minimized the dependence of the 
pulse sequence generator upon the computer, in their system, the 
computer can even be turned off once the pulse sequence generator 
is programmed and is operating. Use of the Am 9513 counter/ timer 
chips in their design gave the pulse sequence generator, the abi- 
lity to generate any complex pulse sequence. Also they have 
achieved a pulse duration resolution of 20 ns by the use of high 
speed counters. 

Finally we mention that the use of a 16-bit microprocessor 
[ 25 ] with good computing facility in this kind of a design makes 
the system more simple and cost-effective. 

II . A ( 3 ) Transmitter 

In this sub-section we consider r.f. source, phase shifters 
for producing different relative phases, r.f. gates and power 
amplifier. 

Nuclear quadrupole resonance frequencies of a given nucleus 
35 

(for example Cl) vary over a broad frequency range. Radio 
frequency source used in NQR spectrometers must therefore be a 
crystal oscillator or a synthesizer with a wide frequency 
coverage. The r.f. gating schemes should also be able to give 
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good on off ratio. Even a small continuous wave signal leak 
through the gate is not desirable, because this signal will get 
amplified in the power amplifier and reach the receiver which 
might get saturated. The power amplifier must be capable of 
delivering high-power r.f. pulses with very short rise and fall 
times with a minimum power droop in the r.f. pulse. 

Instabilities of the transmitter during multiple-pulse 
sequences consisting of many pulses with relative phase differ- 
ences is quite well known. This problem could be reduced by 
synchronization of pulse programmer clock and transmitter r.f. 

In fixed frequency spectrometers synchronization of pulse program- 
mer clock and the r.f. source can be done by using a quartz con- 
trolled oscillator both as clock source for the pulse programmer 
as well as the r.f. source [26]. 

Variable frequency spectrometers with a synthesizer as r.f. 
source can be completely synchronized to a master quartz oscilla- 
tor which can also serve as the computer/microprocessor clock [ 12 J - 
The main advantage of the coherent spectrometer operation is 
phase stability and stability of the effective r.f. pulse length 
[ 27 ]. 

A sophisticated pulsed spectrometer should be able to 
deliver transmitter r.f. pulses with 0°, 90°, 180° and 270° phase 
difference. Commercially available variable delay lines can be 
used to produce these phases. This method is not convenient for 
variable frequency operation. The automatic generation of the 



IIA(4) Receiver 


A receiver with high gain and fast recovery after an 
intense r.f. pulse is very much essential for high power solid 
state NMR and NQR spectrometers. Therefore/ besides the probe 
damping/ automatic receiver blocking schemes have been develop- 
ed to minimize the recovery time following the overload by the 
r.f. pulse [12/ 35-38]. Karlicek and Lowe [ 12] have modified 
HP-model 10534A double balanced mixers [39] using 1N914B diodes/ 
and used them as blocking gates which gave a good isolation 
of the transmitter from the receiver and achieved a recovery time 
as low as 0.5 jus at 60 MHz . The blocking signal for the receiver 
is provided by the pulse programmer. They have carefully matched 
the diodes used in the construction of the gates in order to 
avoid gating pedestals and large switching transients. 

Adduci et al. [40] have described a fast- recovery receiver 
using commercially available amplifier stages having nonsaturat- 
ing overload characteristics and achieved a recovery time of 
250 nsec for short transmitter pulses which increases to 2 JU sec 
for relatively long (75 4 sec) transmitter pulses. Stoll [4l] has 
constructed a receiver based on commercially available units but 
with passive voltage limiters placed before each stage and achiev- 
ed a 2.35 4 sec with a high Q resonant sample probe. The recovery 
time of this receiver did not depend on the length of transmitter 
pulse and has been measured to be same for 100 msec long pulses. 

II.A(5) Data Acquisition and Spectrometer Automation 

In digital data acquisition it is required to satisfy the 
sampling theorem known as Nyquist theorem [42]. According to 
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this theorem recording of a spectrum unambiguously with frequen- 
cies as high as v ^s possible only if the transient signal is 
sampled at a rate of at least 2V . High sampling rates are 
required in NQR as the resonance lines are generally wide. Dyna- 
mic range which is determined by resolution of the digitizer must 
be large. In other words, the digitizer resolution must be adequ- 
ate to accommodate the most intense signal of the transient and 
also be able to resolve the smallest signal present (The word 
"resolution" here means resolution in amplitude not frequency) . 

Digital data acquisition is a general task in laboratory 
automation. Problems concerning the choice of appropriate sampl- 
ing rates and the required resolution of analog to digital conver- 
sion are treated in monographs and periodicals [42-44]. For the 
purpose of data acquisition time averagers were used extensively 
for a long time. These are hard-wired special purpose mini- 
computers available in various commercial designs which include 
an ADC, an arithmetic unit to add successive signals for signal- 
to-noise ratio improvement, a memory to store these signals in a 
digital form and output capabilities . Another device which is 
useful when very fast signals have to be digitized and which is 
appropriate in connection with the use of a minicomputer, is the 
'transient recorder 1 . Very fast conversion rates of upto 500 MHz 
are realized. These transient recorders do not have the possi- 
bility of signal accumulation. Usually the fast transient signal 
is stored in a shift register, from where it can be read out. 
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during the delay time between the pulses , into the minicomputer 
to accumulate and average the signals. Simple and inexpensive 
systems have been described in the literature [45, 46]. Rhodes 
et al. [47] have described a computer interface, which includes 
an ADC. The computer starts the pulse programmer of the spectro- 
meter, which in turn delivers a suitably timed trigger pulse to 
start a computer routine that operates the ADC under software 
control. The ADC is thus initialized and the process of analog 
to digital conversion bigins. The computer waits until the con- 
version is over. After that the obtained value is read, added 
and stored in the computer memory. Finally the computer displays 
the digitized and accumulated signals on an oscilloscope via a 
digital-to- analog converter. 

A pulsed NQR spectrometer system with complete automation 
and control built around the Bruker pulse- spectrometer coupled 
with Nicolet model 1074 signal averager and a PDF 8/E mini-compu- 
ter has been described by Geisendanner et al. [48]. Another NQR 
spectrometer system with computer control using biomation model 
805 fast transient recorder and 16-bit HP-2100A computer has been 
described by Gourdji et al. [49]. We have utilized a minicompute 
based signal analyzer (Model SM-2100B, from Iwatsu Electric Com- 
pany Limited, Japan) with signal acquisition and processing capa- 
bilities and developed a spectrometer system [20] which operates 
under the supervision of Intel 8085A based-microprocessor system 
(Microfriend-I, from Dinalog Micro-Systems, India) . Automation 
of several pulsed NQR experiments has been achieved with this 
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system (one such experiment is described in reference [20]). 
Complete details of this spectrometer are presented in the follow- 
ing sections. Spectrometers for automation of certain complex 
pulsed NQR experiments [20, 48, 50 J have been described earlier 
in the literature. 

It is pertinent to mention here that, the computational 
capabilities of the computer interfaced to an NQR spectrometer 
can be advantageously used for purposes such as, (i) digital 
filtering of the signals accumulated and stored in the digital 
memory of the computer [51, 52}, (ii) correction of phase errors in 
a multiline FT- NQR spectrum [48], (iii) the exponential fitting 
of data in relaxation time measurements. We describe in section 
II. E, the utilization of computational features of the signal 
analayzer to automate certain complex pulsed NQR experiments. 

II. B DETAILS OF THE PRESENT MICROPROCESSOR-CONTROLLED SPECTRO- 
METER SYSTE M 

II.B(l) Introduction 

Prior to the present work we had available in our labora- 
tory a pulsed NQR spectrometer [38] with single point boxcar 
averaging facility. This spectrometer was based on hardware 
pulse programmer capable of generating pulse sequences having 
a maximum of three pulses. Like any other unautomated system 
(section II. A) this hardware pulse programmer based spectrometer 
system suffered from, (i) not having the flexibility of 
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performing various experiments involving complex pulse sequences, 

(ii) lack of time averaging and signal processing facilities, and 

(iii) complete dependence on manual operation. To illustrate 
one of the problems encountered in pulsed NQR experimentation 
with unautomated systems, we can consider the problems associated 
with Zeeman perturbed spin-echo envelope modulation (ZSEEM) 
experiment, where a two pulse (90-T-180) sequence is used and 
the echo maximum is plotted as a function of separation T , 
between the two pulses. Obtaining ZSEEM [53] patterns using 

the unautomated spectrometer was quite tedious and time consum- 
ing, because the variation of t in the 90-T-180 sequence (spin- 
echo sequence) was done manually for each data point and also the 
delay between the boxcar trigger pulse and the echo maximum at 2 
had to be adjusted manually for each increment of T . Such prob- 
lems are encountered in several other pulsed NQR experiments. To 
avoid these difficulties and also to reduce the experiment time 
we thought it worthwhile to automate our pulsed NQR spectrometer 
system using a microprocessor. Compared to minicomputer-based 
systems microprocessor-based systems are relatively inexpensive. 
We therefore automated our pulsed NQR spectrometer using a micro- 
processor. As will be seen in the following sections of this 
chapter the use of microprocessor offers complete flexibility of 
generating several complex pulse sequences and automation of 
various pulsed experiments by appropriate software. 
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I I . B ( 2 ) Description of the Spectrometer System 

The block diagram of the present spectrometer system under- 
lining the role of microprocessor and the signal analyzer is 
shown in Fig. 11.3(a) (a photograph of the spectrometer system 
is given in Fig. 11.3(b)). The desired pulse sequence is gene- 
rated by the microprocessor system. Software required for gene- 
rating various pulse sequences has been developed (details of 
these are discussed in section II. D) and stored in the on-board 
EPROM. When necessary/ the appropriate software program can be 
called from EPROM to the on-board user RAM and can be executed 
to generate the required pulse sequence. The pulse sequence is 
output through one of the I/O ports of the microprocessor system. 
The sequences are passed through 2N-2369 transistor-based current 
drivers before passing to the r.f . gating scheme . These pulses 
are made available at the BNC-connectors mounted on the side 
panel of the card cage of the microprocessor system (a photograph 
of the microprocessor system along with the card cage is shown in 
Fig. 11.3(c)). The pulses available at these BNC-connectors are 
routed to appropriate ports depending on the required gating 
scheme . The r.f. signal to be gated is generated from a signal 
generator (Model 8640B from Hewlett-Packard, USA) . Some of the 
gating schemes used in the present spectrometer system are 
similar to those described earlier [38], The gating schemes 
required for certain special experiments involving phase alternant 
pulse sequence, WAHUHA-4 pulse cycle, MREV-8 pulse cycle etc. 
are discussed later in this chapter. 




Fig, 113(a) Block Diagram of the Microprocessor -Control led Pulsed NQR 
Spectrometer. 
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Pig. 11.3(b) Photograph of the Microprocessor-Controlled 
Pulsed NQR Spectrometer. 

(c) Photograph of the Microprocessor System. 
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The gated r.f. pulses are amplified using a home-made low- 
noise tuned power amplifier [38] and coupled to the sample coil 
through an impedance matching and tuning network. This home-made 
amplifier has considerable power droop and it was observed that 
it has poor long-time power stability when carrying out multiple 
pulse experiments where a large average power is drawn. For 
these experiments we have used an ENI (Electronic Navigation 
Industries, Inc./ New York/ USA) power amplifier (Model A-300) to 
drive.-, the final tuned stage of the home-made power amplifier. 

This combination gives long time stability of pulse power and 
also reduces power droop considerably. 

The NQR signal induced in the sample coil (as a response 
to the r.f. pulse) is first amplified using a 3N-200 FET based 
low noise tuned preamplifier which is protected from high power 
r.f. pulses by the use of cross diodes at its input. The output 
of the preamplifier is further amplified and detected by a broad- 
band (2-200 MHz) receiver (Model 625/ from Matec r USA)* All the 
r.f. amplification stages of the Matec receiver are internally 
protected by cross diodes and the overall recovery time of the 
pre-amplifier and receiver combination is 10-15 jtlsec after a short 
intense n/2 pulse. It has been observed that the recovery time 
of the receiver increases in multiple pulse experiments end experi- 
ments involving the application of long r.f. pulses. 

The NQR signal information available at the output of the 
receiver can either be presented on an oscilloscope or be 
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acquired and processed further using a signal analyzer (Model 
SM 2100B, from Iwatsu Electric Co. Ltd., Tokyo, Japan). 

The signal analyzer has two channels to acquire time 
domain signals with a 12-bit ADC. The ADC has a maximum clock 
frequency of 400 kHz. The signal analyzer has the facility of 
coherent averaging of transient signals to increase S/N ratio. 

The averaged signals can be stored in any of its eight blocks of 
memory. Each one of these blocks has a maximum capacity of 4K 
(it can be set to 0.5, 1, 2 or 4K ) . The time domain signals 
acquired into the signal analyzer can be processed using inbuilt 
system routines. These include average, FFT, IPPT, auto power 
spectrum, cross power spectrum, auto correlation, cross correla- 
tion etc. These routines can be executed with the help of front 
panel "Function keys" of the signal analyzer. The signal analyser 
has BASIC language option and is provided with a BASIC key board 
for programming. The processing of the time domain signals can 
also be done in the BASIC mode. With this facility any kind of 
mathematical processing of the signal can be done. In the BASIC 
mode the inbuilt system routines can also be used wherever 
necessary. The signal analyzer also has a 6-inch CRT display 
which is useful for displaying signals and also for BASIC program- 
ming. The inbuilt mini-floppy disk drive enables one to store the 
processed signals into the floppy disk. These signals can be 
brought back to the block memory when desired and can be recorded 
on to an X-Y recorder through "pen-out" of the signal analyzer. 

The GPIB interface facility of the signal analyzer enables one 
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to connect any instrument with this interface facility to enhance 
its capabilities. 

In the case of experiments requiring single point averaging 
a boxcar averager (Model CW-1, from Princeton Applied Research, 
USA) is used. 

Apart from generating pulses to the r.f. gates, the micro- 
processor also generates trigger pulses for the oscilloscope and 
for the initiation of data acquisition etc. It also generates 
appropriate clock pulses to the ADC of the signal analyzer in the 
experiments where synchronization between the microprocessor and 
the data acquisition by the signal analyzer is required. 


II. C HARDWARE DETAILS OP THE MICROPROCESSOR SYSTEM 

A low cost Intel 8085A-based. eight- bit microprocessor 
system (Microfriend-l) manufactured by M/s Dynalog Micro- 
systems, Bombay (India), is the control system in the present 
spectrometer. The 8085A microprocessor chip contains six general 
purpose eight- bit registers (namely, B, C, D, E, H and L) for 
data storage and date transfer, and an eight-bit accumul a tor 
(Register A) for performing arithmetic and logic operations. The 
functional block diagram of the microprocessor system is shown 
in Pig. II. 4. The processor of this system utilizes a 6.144 MHz 
crystal and hence the CPU operates at 3.072 MHz and has 1.3jusec 
instruction cycle. The system has a 2K RAM which is useful for 
developing software programs and also it can be utilized during 
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Fig. II. 4 Functional block diagram of the microprocessor system (Microfriend-I) showing 
the common communication path between various components through the 
data bus. 
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program execution. The on-board 4K EPROM available for the user 
is for permanent storage of software programs. The system also 
has a serial audio cassette interface for bulk sotrage and 
RS-232C i/F to connect any CRT console. There is an on-board 
EPROM programmer to burn the developed software programs into 
EPROM directly from RAM. Facility also exists for expanding the 
memory upto 32K of RAM or EPROM (or any mix of these two memo- 
ries). The microprocessor has a powerful on-board system monitor 
program in its 4K EPROM which enables the user to load any soft- 
ware program into the on-board RAM through the key-board or 
through the audio cassette interface or from additional on-board 
EPROM. The system monitor program also helps the user to edit 
and debug any software programs being developed. The system 
monitor can also support TTY interface which uses 20 mA current 
loop. Intel 8279IC is used for TTY/ Key board and display control. 

Programmable peripheral interface (PPI) 8255A-5 is used 
for outputting the pulse sequences/ various trigger pulses and 
also the ADC clock pulses for the signal analyzer when desired. 

The PPI has three eight- bit I/O (Input/Output) ports, namely 
port A, B and C. Five bits of the port A, bits 4, 5, 6, 7 & 8 
are connected to the BNC connectors (mounted on the side panel 
of the optional card cage) to output pulse sequences and trigger 
pulses. Apart from these 24 I/O lines available for, the user 
from PPI 82 5 5 A- 5 there are 22 parallel I/O lines provided by 
8155. All the I/O lines are brought out on a 50 pin connector 
and are easily available for the user. 
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All the address, data and control buses, fully buffered, 
are available as a standard STD bus for easy expansion of the 
system (STD bus is 56 pin double-sided edge connector standard) . 
With this bus expansion facility we could hook up (i) Real Time 
controller card which has 8253 counter timer for real time appli- 
cations, (ii) ADC/DAC card and (iii) Memory expansion card. In 
fact, any STD compatible card can be hooked up for increasing the 
processing capabilities of the microprocessor. 

The hardware interrupt facility available for the user 
makes it possible to have programmed jumps and dynamic reconfigu- 
ration of the software programs (e.g. changing from "set mode" 
to "measure mode" etc., see section II. E for details). 

The programmable timer/counter 8253 provided on STD compa- 
tible RTC card is useful for timing generation with good time 
resolution. This timer has 3 independent 16 bit counters with 
a count rate upto 2 MHz. The counting operation of each counter 
is completely independent and they can be programmed to count 
either in binary or in BCD. Each counter can be programmed 
independently to operate in one of the six modes to achieve a 
variety of timing tasks. A control word (which will be stored 
in the control word register of the timer) must be sent out by 
the CPU to initialize any desired counter to operate in one of 
the six modes (the control word also programs the counter to 
count either in binary or BCD). Use of this timer (8253) for the 
purpose of pulse sequence generation has considerably improved 
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pulse width resolution (»°0.5 Usee) compared to the use of soft- 
ware counters. This is because the timer counts directly the 
clock cycles (2 MHz) . Out of the six modes of operation (namely. 
Mode 0, Mode 1, Mode 2, Mode 3, Mode 4 and Mode 5) we have used 
Mode 1 (programmable one shot) for the purpose of pulse sequence 
generation. The details of Mode 1 are as follows: 

The timing diagram of this mode (programmable one short) is 
given in Fig. II. 5. In this mode the output goes low on the count 
following the rising edge of the gate input and the output goes 
high on the terminal count (see Fig. II.5a). If a new count value 
is loaded after the gate has triggered the one-shot, then on a 
re trigger, the new count value will be used (this property is 
useful for two pulse sequence generation) . The one-shot is re- 
triggered if another rising edge of the gate input appears when 
the output is low and the count starts freshly from the beginning 
(see Fig. II. 5b) to retain the output low for the entire duration. 
It is therefore possible to generate the desired pulse sequence 
at the output by appropriately triggering the one shot (gate 
input) . The output can be passed through an inverter to get proper 
levels. 

II. D PULSE SEQUENCE GENERATI ON 

The microprocessor in the present spectrometer system is 
capable of generating under software control; several pulse 
sequences utilized in modern pulsed NQR/NMR spectroscopy, for 
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8253 timer, (a) indicates a single gate trigger edge, and (b) indicates retrigger- 
able nature of "one-shot when two trigger edges appear at the gate input. 
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example, automatic ZSEEM and STEEM (Stimulated echo envelope modu- 
lations) sequences and also more sophisticated multiple pulse 
sequences required for line narrowing and double resonance expe- 
riments in NQR. We have generated the following pulse sequences 
using our microprocessor for which software has been developed; 

i) Single-pulse sequence, 

ii) Two-pulse and three pulse sequences 

iii) Carr- Purcell (CP) and Carr-Purcell-Gill-Meiboom (CPMG) 
sequences. 

iv) Ostrof f-Waugh sequence. 

v) Phase alternated pulse sequence, 

vi) Lee-Goldberg pulse sequence, 

vii) Waugh-Huber-Haeberlen (WAHUHA) 4-pulse, and Mansfield- 
Rim-Elleman-Vaughan (MREV) 8-pulse sequences. 

As has been pointed out in section II. A, the designer may 
choose different approaches to a timing problem when a computer/ 
micro-processor is readily available. First, one can use some 
of the output lines of the computer/microprocessor and change 
their logic levels by a software program, thus realizing a soft- 
ware pulse generator. This method has relatively poor time accu- 
racy. Another elegant way became available to the designer with 
the development of large scale integration (LSI) programmable 
timers are now commercially available with counting frequencies 
of upto 10 MHz [54-58] . These chips offer a powerful structure, 
with several independent programmable counters triggerable on 
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edges or levels. They provide greater flexibility at moderate 
cost, since control functions are programmable from the host 
computer/microprocessor. We have explored the possibility of 
realizing pulse sequence generation by the above two methods, 
namely, (i) software pulse generation and (ii) pulse sequence 
generation by the use of LSI timer chips using our 8085A based 
8-bit microprocessor system. We have used 8253 programmable 
interval timer for the implementation of the second method. It 
should be mentioned at this point that the pulse sequence genera- 
tors built around LSI timer chips (Am 9513) interfaced to mini- 
computers have been described earlier in the literature by H.S. 
Jaimes et al. [23] and G.A. Mohr et al . [24]. 

We will first describe the general philosophy followed in 
the implementation of software pulse sequence generation and then 
we take up individually the software written for generating 
various pulse sequences. 

For any pulse sequence generation the initial part of the 
program stores the desired numbers for various parameters of the 
pulse sequence, namely, the pulse widths of n/2 and ji pulses (as 
is required by the sequence of interest), pulse separation(s) (in 
the case of multiple pulse sequences more than one separation may 
be required), delay time (repetition rate) and number of repeti- 
tions (N) of the sequence ('N' is decided by the required number 
of coherent averages of the transient signal) either in various 
registers of 8085A microprocessor chip or in any chosen memory 
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location and these numbers are translated into time intervals 
through appropriate delay routines known as software counters. 

To achieve lowest possible values for pulse widths (and also to 
achieve better pulse width resolution) we have always stored the 
corresponding numbers in 8085A registers rather than storing in 
the memory because the data, transfer is faster between various 
registers and the accumulator than the transfer between memory 
and accumulator. By the utilization of these registers for stor- 
ing the numbers corresponding to pulse widths it was possible to 
obtain a minimum of lOjusec for pulse widths which could be incre- 
mented in steps of 4 4 sec. It should be noted at this point that 
all the arithmetic and logic operations are performed by the 
accumulator. Hence, the numbers have to be transferred to the 
accumulator before translating them into appropriate pulse seque- 
nce parameters by the appropriate software counters. The generat- 
ed pulses are ouput through one or several of output lines (output 

\ 

channels) of the PPI 8255A-5. These output lines are routed to 
BNC connectors through current drivers. The pulses which trigger 
various peripheral devices and signal acquisition unit are output 
through the channels which are directly connected to BNC connectors 
without any current drive. 

II.D(l) Single-Pulse Sequence 

In the beginning of the program all the ports of PPI 8255 
are set as output ports through appropriate software instructions 
(see Pig. I I. 6 for pulse sequence and flow chart of the software 
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program) . Once the PPI ports are set as output ports all the 
I/O lines of PPI are now ready to output any logic level (high 
or low) as instructed by the microprocessor. The parameters are 
then stored for the single pulse sequence, namely, pulse width (t) 
and the number of times pulse sequence to be repeated (N) in the 
registers ‘B 1 and 'C', respectively. The delay count (T) is 
stored in memory locations M ( x 1 ) and M (x 2 ) . After the para- 
meters are stored, the microprocessor outputs logic level ‘ high 1 
at BNC-1. Immediately after this is done the software program 
brings register 'B* contents into the accumulator and the "soft- 
ware counter" starts counting down the accumulator contents and 
checks if the count down process is over (i.e., if the accumula- 
tor contents have become zero, see Fig. II. 6 for details). During 
this whole count down process, the logic level at BNC-1 remains 
high and as soon as the count down process is over the program 
jumps to the next instruction by which microprocessor outputs the 
logic level ‘low’ at BNC-1. It is obvious that the time during 
which the logic level remains high at BNC-1 is equal to the pulse 
width (t) which can be controlled by the contents of register 'B'. 
immediately following the pulse the software program outputs a 
5 ju. sec trigger pulse at BNC-4 for the initiation of data acquisi- 
tion by the signal analyzer. It can be mentioned at this point 
that the data acquisition by the signal analyzer can be initia- 
ted immediately after the trigger pulse or if necessary a desired 
amount of delay following the trigger pulse can be programmed 
within the signal analyzer. After the 5ju sec pulse is output the 
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contents of M (x^) are brought to the accumulator which are 
counted down together with the contents of M in a nested 

software counter. During this whole nested count down process 
the logic level at BNC-1 remains low, the time duration of which 
is equal to the delay count (t ) . Now, the program checks if the 
desired number of pulse sequence repetitions are over. If not, 
the program jumps for restarting the pulse sequence and if yes, 
the program ends. It should be noted that when a large number of 
accumulations of a weak signal are needed an unconditional jump 
instruction is written after the delay count so that the pulse 
sequence is generated continuously and the number of averages can 
be directly programmed in the signal analyzer. 

So far we have discussed single pulse sequence generation 
using the microprocessor working as pure software pulse genera- 
tor. As has already been pointed out the time resolution of this 
method is poor because various time intervals are generated 
through software instructions and the instruction cycle time is 
generally large (1.3 4 sec in our microprocessor). 

We, therefore, have used Intel 8253 programmable timer to 
improve time resolution. To generate pulse sequences using 8253 
timer, one or more of its counters are used and are operated in 
the Mode 1 (see Fig. II. 5 for the timing diagrams of Mode 1). 

In this method the pulse widths are generated by the hardware 
counters which directly count the programmed number of clock 
pluses and the intervals between pulses are generated by software 



Clock 


117 





118 


counters as in the case of software pulse sequence generation. 

We now illustrate how a single pulse sequence is generated 
using 8253 timer. First of all a number corresponding to the 
pulse width (this number is decided by the fequency of the clock 
signal input to the timer) is stored in one of the counters (in 
our case counter *0') and 2 MHz clock signal is connected to 
clock 'O'. A single pulse sequence with 5 jLt sec pulse width and 
required amount of repetition time (t) is output through one of the 
ouput channels of the microprocessor and this is used as the gate 
input to the counter 'O'. Now, the counter 'O' output will be the 
required single pulse sequence with inverted logic levels (see 
Fig. 11.7). The output has been passed through an inverter to 
get appropriate logic levels required for the transmitter gating 
scheme . 

II.D(2) Two- Pulse Sequence 

As in the case of single pulse sequence, the program for 
two pulse sequence also starts by setting all the ports of PPI- 
8255 as output ports. Now, pulse widths of P 1 and P 2 pulses (t^ 
and t 2 )/ and pulse separation t are stored in the Registers 1 B', 

'D' and 'C respectively. The number of repetitions of the pulse 
sequence are stored in register E and the delay count (T) is 
stored in memory locations M (x^ and M (x 2 ). As described in 
the case of single pulse sequence the microprocessor outputs the 
logic level 'high' at BNC-1 and retains it 'high' till the 
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software counter-1 gets the value corresponding to pulse width 
(t^) from the register ‘ B* to the accumulator and counts down to 
zero (see Fig. II. 8 for details). Then the microprocessor out- 
puts the logic level ‘low 1 at BNC-1 and retains it 'low' till the 
software counter-2 gets the value corresponding to pulse separa- 
tion (t) from the register 'c‘ to the accumulator and counts down 
to zero. Then the microprocessor produces logic level 'high' at 
BNC-1 for the time duration tg (Pj pulse width) via the software 
counter-3. After this the output of the BNC-1 is made 'low' for 
the duration (T) through the nested software counter and this 
duration is determined by the contents of both the memory loca- 
tions M (x^) and M (Xj) . Immediately following the second pulse 
(P^) a short 5 M sec trigger pulse is output at BNC-4 for data 
acquisition by the signal analyzer. The pulse sequence program 
ends after the sequence is repeated a set number (N) of times. The 
pulse sequence can ^lso be repeated continuously by writing an 
unconditional jumps instruction after the delay count making it 
convenient for accumulating large number of transients when weak 
signals are being observed. 

It can be mentioned here that in the case of two pulse 
experiment of Lee-Goldberg [59] the software for generating the 
pulse sequence is similar to that of usual two pulse sequence 
except that the first long pulse is generated using a nested soft- 
ware counter and both the pulses are output in two different BNC- 


connectors. 
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Flg.II.8 Flow chart of the program for generation of two pulse 
sequence . 
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We now describe the generation of a two pulse sequence using 
8253 programmable timer. In the beginning the microprocessor 
program stores a number corresponding to 7i/2 pulse width into 
the counter 'O' (counter 'O' is used for generating pulses) of 
8253 . Then the microprocessor outputs a 5ju sec pulse following 
which a delay T is generated (by the utilization of a software 
counter ) , which is connected to the gate input of the counter 'O' . 
During the delay (t) the counter is reloaded with a higher number 
corresponding to TC pulse width. At the end of T delay another 
5 Msec pulse is output by the microprocessor which triggers the 
gate 'O'. This process is repeated with a large time delay of 
T (generated by nested software counter described earlier) . The 
net result of this process is the generation of the required two 
pulse sequence at the output of the counter 'O' with appropriate 
pulse widths (see Fig. II. 9). Upon passing this sequence through 
an inverter we can ^et proper levels for r.f. gating. 


Gate 

in 


Output 


(n=x) 


(n=x) 


(n=2x) ~| „ PI (n=2x) fl 

-- - ... - 

*1 * // — V 1 " 

* * ; 

* 

i 

» 

{ 

, ; ; 

i 1 i 

« 

i t * 

• » 

1 

* 

t 

» 

» 

l 

1 

» 

r 

1 T 7 L 



(From 
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processor) 


Fig. II. 9 Timing diagram for generating two pulse sequence 
using 8253 timer. 
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II .D( 3) Multi ple-Pulse Sequences 

oiJith a view tj carry out multiple; pulse spin-locking and 
line narrowing experiments in NQR we have developed software for 
generating CP [60], CPMG [61 ], Os troff -Waugh [62] and phase alter- 
nant multiple pulse [63] sequences. Details of the software and 
gating schemes used for each of these sequences are described. 

CP- Sequen ces The CP-sequence is represented in Pig. II. 10. One 
of the purpose of the CP-sequence in NMR in solids [63] has been 




Pig. II. 10 Car- Purcell Sequence 

to suppress the applied field inhomogeneity term in the effective 
Hamiltonian. Software for generating this sequence is as follows. 
After setting all the ports of PPI-8255 as output ports, pulse 
widths of ~ n , n pulses (t. , t 0 ), and separations T & 2t are 

Z X X X c, 

stored in registers 'B', * C ‘ , 'D' and 'E 1 , respectively. The 

number of ir pulses (n) and the number of repetitions N, of the 
sequence are stored in memory locations M (x.)& M {x^)* respectively, 
and 1 the delay count, T, is stored in the locations M (x 3 ) & M(x 4 ). 
The microprocessor now outputs the logic level ‘high 1 at BNC-l 
and retains it ’high' till the software counter-1 generates a 


1 

2 X 


71 


X 


-a*r 


■2T- 


71 


X 


i 

*5 <c- 


2T 


71 


X 
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delay t^, corresponding to ~ tt^ pulse (contents of register* 1 B ' ) - 
Then the microprocessor outputs logic level 'low 1 at BNC-1 ana 
retains it 1 low 1 till the software counter-2 generates a. delay 
corresponding to T (contents of register 'D'). After genera t- 
ing the T delay, a logical level 'high' is ouput by the micro- 
processor once again at BNC-1 and is retained high till the soft- 
ware counter-3 generates a delay corresponding to n pulse and 
makes the BNC-1 output 'low 1 . This is followed by the gene- 
ration of a delay 2 1 by software counter-4 during which period 
output at BNC-1 remains ' low ' . Now the program checks if the 
desired number of jr pulses n have been generated. If not, the 
program jumps to generate jr pulse again followed by a 2 T delay 
and this continues till the desired number of n pulses, n, are 
generated. Once this is over a nested software counter generates 
the delay time, T, and repeats the entire sequence qgain at BNC— 1 

till the sequence is repeated desired number of times (N) . It 

1 

should be noted that immediately after the tt pulse a 5 jU. sec 

trigger pulse has been generated at BNC- 4 in our experimental 

set up to acquire the Carr- Purcell echoes into the Signal Analyzer . 

The gating scheme for this sequence is quite straight- 
forward (since all the pulses have the same phase) and is similar 

to the one used in reference [38]. 

For generating CP pulse sequence using LSI timer we have 
written a software program which makes the microprocessor output 
a train of 5 4 sec pulses with the intervals shown in Fig. II. 10, 
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as gate input to counter 'O’. Before generating this train, the 
counter is loaded with a number corresponding to tt/ 2 pulse width 
anu the.' number is increased during the period T after tt/ 2 pulse. 
The output of the counter zero will then be the required CP 

sequence . 


CPMG and Ostrof f -Waugh Sequences ; 


The Gi 1 1 -Meiboom modification of the CP sequence (CPMG 
sequence) [61 ] overcomes the problems such as flip angle errors, 
r.f. 1 nhomoqeneity effects etc. which are associated with original 
version of the CP pulse train [60 ]. We utilized CPMG and other 
versions of CP pulse train such as Ostrof f-Waugh [62 ] and phase 
alternant [63] sequences to investigate pulsed spin-locking for 
1=3/2 spins in NQR spectroscopy. 

The CPMG pulse sequence is shown in Fig. II. 11 (a) s 



71 




2T. 


d*- 


71 . 


21 


» 


Fig. II. 11 (a) Gill-Meiboom modification of the Carr- 

Purcell (CPMG) sequence 


1 

For the sake of convenience of r.f. gating the ^ jt x pulse is 
generated at a different BNC connector (BNC-l) than that of 
71 pulses (BNC— 2) . The combination of these two DC pulses is 

y 
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achieved using NAND gates to produce OR logic (see Fig. II. 11(b) 

lor timing scheme); 

Sequence 'A 1 
(BNC-1) 


Sequence 1 B' 
(BNC-2) 

I J i 

$ 

(iii) A + B (combined sequence) (BNC-5) 

I 

I 

f 4 V ) _J |_ Triagcr Pulse 

(BNC-4) 

Fig. II. 11(b) Timing generation for CPMG sequence 

All the parameter storage for CPMG sequence is done similar to 
that of CP sequence. Once the PPI (82 55) ports are set as output 
ports and parameter storage is done, the microprocessor outputs 
the sequence 'A' at BNC-1 and the sequence ' B 1 at BNC-2 using 
appropriate software counters as discussed earlier. 

After this the program generates a long delay (T) via a 
nested software counter as described in earlier programs. Then 
the program checks if the pulse sequence has been repeated the 
desired number of times (N) . If not, the program jumps to repeat 
the sequence (i.e. sequence ' A ’ at BNC-1 and sequence 'B f at BNC-2 
with appropriate delays) till it is repeated the desired number 
Immediately after the -Tt^ pulse a 5 ji sec pulse is 



of times . 
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I 


(from BNC-5) 
of pp 

Fig. II. 12 Gciting scheme for CPMG cind Ostroff - Wough pulse seguences. 
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generated at BFC-4 for triggering data acquisition. The r.f. 
gating scheme used for CPMG sequence is shown in the Pig. 11.12. 
The generation and gating scheme for the Ostroff- Waugh sequence 
is some as that of CPMG sequence except that all the pulses in 

the Ostrof f-Waugh pulse train are it/2 pulses. 

The procedure for generation of CPMG sequence using the 
LSI timer 8253 is same as that of CP sequence except that, here 

two counters have to be programmed (counter 'O' and counter ’l'), 

1 

one for generating ^ pulse and the other for generating rest 
of the rty pulses of the train. For Ostrof f-Waugh sequence gene- 
ration, the y-axis pulse train generated by counter ' 1 ' are also 
n/2 pulses. The software is same for CPMG and Ostrof f-Waugh 

sequences. 


Phase Alternant Multiple Pulse Sequence 


This version of the CP sequence overcomes many of the prob- 
lems of the original CP sequence and is found to be suitable for 
multiple-pulse line-narrowing in NQR. The sequence is represent- 
ed as [63] 




* 2T * 


1 t 



Pig. 11.13. Phase alternant multiple pulse sequence 
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lor the sake of convenience of r.f. gating the initial ■— Jt 

A X 

■preparation pulse end all the .71 pulses are generated at BNC-1 
and all pulses are generated at BNO-2 as shown in the 

Fie. XI. M. 

VtPx n x 71 


X 


n 


71 


X 




2T 




-2t: 


i 

— 2 t 


• i 

f 

A + B (combined sequence) BNC-5 




DC pulse 
sequence 'A 1 
(BNC-1) 


DC pulse 
sequence * B 1 
(BNC-2) 


_Jl 


Trigger pulse 
_>> (BNC-4) 


Fiq. II . 14 Timing generation for phase alternant multiple 
pulse sequence. 


In the beginning of the program all the PPI ports are set 

as output ports anc* the parameter storage is done in the same 

manner os that for CP and CPMG sequences. The program first 

generates the sequence ' A 1 at BNC-1 and sequence * B ' at BNC-2 

(see Fig. 11.14). The program then jumps to generate a. large 

delay (T) through a nested software counter similar to the one 

described earlier. After this delay is produced the program 

repeats the sequence for the desired number of times. A 5 Msec 

1 

pulse is also generated immediately after the initial ^ pre- 
paration pulse at BNC-4. The phase alternated pulses namely 
and n output at BNC-1 and 2 are combined using the ’OR' logic 
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cind the. combined sequence is output through BNC-5 . This combina— 
tion is required by our r.f. gating scheme. The r.f. gating 
scheme used here is similar to that used for CPMG sequence (Fig. 
II.. Id.) except that the quadrature hybrid is replaced by a delay 
Hn<. set. for a 180° phase shift of an input r.f. signal. 

Th.' multiple pulse sequence with the 180° phase shift of 
alternate pairs of Tt pulses i.e. , fn , tc ], [n . n 7 has also 
been generated in our spectrometer. This sequence has been theo- 
retically shown to be the superior one in NMR [63] among all the 
modified versions of the CP pulse train though the sequence has 
not lx 2 cn tried in actual experiments. The pulse sequence is 
shown in the Fig. 11.15. 



« — x — s* 2 x 


Tt 


-x 
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7T 


X 




2 x 


I 




2T 


Fig. II . 15 Multiple pulse sequence with 180° phase shift 
of alternate pairs of tt- pulses 

For the sake oi convenience of r.f. gating the following sequences 
are generated at BNC-1 and BNC-2 (see Fig. 11.16) . Sequence 'A' 
and *B‘ are generated at BNC-1 and BNC-2 ports with appropriate 
software counters and the combined sequence (A +B) is output 
through BNC-5 as mentioned earlier. The r.f. gating scheme is 
same as that used for phase alternant pulse sequence. 
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71 


X 


TU 


_ Seque- 
ce 'A' 

(BNC-l) 


Seque- 
ce ' B 1 
(BNC-2) 


(lii) 


+ B (combined sequence) BNC-5 


(1V) fl 

Trigger 

pulse 

(BNC-3) 

Fig. 11.16 Timing generation for the pulse sequence 
shown in Fig. II. 15 


The generation of these pulse sequences (PAPS) with the 
8253 timer can also be done by generating appropriate timing 
signals to trigger the gates of counter 'O' and counter 


II.D(4) WAHUHA four Pulse & MREV-8 Pulse Cycles 

This sequence has been designed for the purpose of coherent 
averaging of dipolar interaction in NMR of solids. It can dis- 
criminate between chemical shielding and like-spin dipolar inter- 
actions [64 j. The sequence has recently been used by V. L. 
Ermakov and D. Ya Osokin [65] in 14 N NQR spectroscopy. WAHUHA 
four pulse sequence can be represented as follows: 

( n/2 ) x — [T- (71 /2 ) - ( 7t/2 ) y - 2 -C- (71/2 ) _ y -T - (7T/ 2 ) ^ - ] N 

The: gating scheme used in our spectrometer system for this 
sequence requires the following timing signals (Fig. 11.17) at 
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various BMC channels of the mi 


microprocessor system. 


1 

~ 7T 
2 x 


1 _ 

2 U -x 


% — 


1 

2 71 x 


■^n 


Sequence ‘A 1 
(BNC-1) 


, Sequence 'B 1 
(BNC-2) 


(iii) 


(iv) 



inj 

2 -:Y 


(v) A + B + C + D (Combined Sequence) 


Sequence 1 C' 
(BnC-3 ) 


Sequence 

•D" 

(BNC-4) 


(BNC-5) 


Pig. 11.17 Timing generation for the WAHUHA-4 
pulse sequence 


At the start of the software program for the generation of WAHTJHA 

| 

I 

sequence all the ports of P?I 8255 are set as output ports. The para- j 
meter storage is done as follows: (i) pulse width parameter for all the 
v pulses is stored in register 'B', the separation t is stored , .( 

2 . Chi 

in register 'C , ! (iii) the separation 2Tis stored in the regis- 

ter *D' , (iv) number of pulse sequence cycles (N) is stored in j 

; 

■ 

the register 'E' , (v) number of repetitions (n) of the sequence 
is stored in the register ‘H* and (vi) the delay count (T) is 
stored in the memory locations M(x^) and M(x^) • Once the para- 
meter storage is done the microprocessor program generates a tt/2 * 
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Fig. 11.18 RF Gating scheme for WAHUHA four-pulse cycle. 






is due to Mansfield and others [66, 67 ], and is represented as: 


IQ 


1 2j r 


p 

* x 


p p 

~y x 


2T 


p p 

,x. V 


2T 


P P ! P 
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Fig. 11.19 MREV 8-pulse cycle 


(next 
! cycle) 


Following timing signals (Fig. 11.20) at various BNC- 
channels of the microprocessor system are generated. Note from 
Fig. 11.20 that the same BNC-channels (as that for WAHUHA cycle) 
have been used for outputting sequences 'A', 'B 1 , 'C' and 'D' of 

MREV cycle. The logic of timing generation for MREV 8-pulse cycle 
is similar to that of WAHUHA 4-pulse cycle except that different 
timing sequences will have different pulse combinations : 



(ii) 




( ill ) 



(±v) — J 1 1 

(v) A+B + C + D (Combined Sequence) (BNC-5) 


^.Sequence 

'A' 

(BNC-1) 


^Sequence I 

1 B 1 

(BNC-2) 

; 

Seque- I 
^nce 'C' | 

(BNC-3) i 

Seque- | 
nee 'D' i 
(BNC-4) ; 

! 


Fig. II .20 Timing generation for the MREV 
eight-pulse sequence 
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Cait oi the nine n / 2 pulses shown, the first one is the prepara- 
tion pulse and the rest eight belong to the MREV cycle . This 
b-pulse cycle is repeated desired number of times. 

The gating scheme used for MREV 8-pulse cycle is same as 

that for WAHUHA 4-pulse cycle. 

I I . E AUTOMATION OF VARIOUS PULSED NQR EXPERIMENTS 

So far we have discussed the microprocessor software for 
the generation of various pulse sequences . We shall now consi- 
der the automation of various pulsed NQR experiments. 

Along with the generation of transmitter and receiver gating 
pulses the microprocessor also generates appropriate trigger 
pulses for the data acquisition unit (signal analyzer) and also the 
clock pulses to the ADC depending on the experiment to be automat- 
ed. We have automated several NQR experiments with the help of 
the microprocessor and the signal analyzer. We shall now des- 
cribe; here the automation of a few of these experiments , namely, 

( 1) FT- NQR experiment, (ii) modified Lee-Goldteerg experiment, 

(iii) 2SEEM# (iv) STEEM, and (v) multiple-pulse experiments. It 
should be mentioned here that in all these experiments the trans- 
mitter gating pulses are passed through monostable multivibrators 
(74121) to increase the width and these pulses are inverted (see 
Fig. 11.21). The inverted pulses are used to block the input to 
the receiver (receiver gating) during the transmitter pulse. 

This avoids the undue saturation of the receiver by the high 
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power t.I. pulses from transmitter. 




~ih 


//- 


^ Transmi- 

1 ^ tter gate 

| pulse 

I 

I 

$> Receiver 

gating 

;ulse 


Fig. 11.21 Receiver gating pulses 

I I . E ( 1 ) A utomation of FT-NQR Exp e riment 

For the automation of FT experiment the single pulse pro- 
gram (with a trigger pulse following the n/2 pulse) is used 
(section 'II.D(l) ) . The signal analyzer/ during this experiment, 
is operated in the BASIC programming mode. The flow chart and 
the BASIC program for this purpose is given in Fig. 11.22. After 
this program is entered into the BASIC program area, the signal 
analyzer is switched into the "RUN" mode. Signal analyzer is 
now ready to accept the input signals as soon as the external 
trigger pulses for data acquisition appear. The receiver output 
is connected to one of the two channels of the signal analyzer 
and then the single-pulse (FID) program is executed by the micro- 
processor. Now# the signal analyzer acquires and averages the 
FID signal (the desired number of averages is set by the front 
pannel keys of the signal analyzer before execution of the BASIC 
program) . The BASIC program stores the averaged signal m 
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block 2 ' ol the signal analyzer. The BASIC program then calls 
the irtbni.lt FFT routine of the signal analyzer and Fourier trans- 
forms the - lock 1 2 1 data. Then the FT-NQR signal is stored into 
block ' 3 ' . The program then transforms the FID (block '2') and 
FT (block* 3') signals to the mini-floppy disk for permanent 
storage. After this the signal analyzer comes to the monitor 
mode indicating that the program execution is complete. 

The FT-NQR signal stored in the floppy can be brought back 
to the block memory of the signal analyzer, when desired, and 
can be recorded by an x-y recorder through the "pen out** of the 

signal analyzer. 


I I . E ( 2 ) A utomation of Modified Lee-Goldburg Experiment 

The modified Lee-Goldburg pulse sequence [59 j along with 


the ADC clock pulse is given in Fig. 11.23 . 


71/2 71 

1 'i 1 — i 

|e~ t 

j t 



Lee-Goldberg sequence 
modified to generate 
echo 


J1 


-» ADC clock pulse 


Fig. 11.23 Modified Lee-Goldberg pulse 
sequence 

The three-pulse sequence program with the facility to 
increment width of the first large pulse is executed by the 
microprocessor. The microprocessor will be operated in the 
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vatorno v - with external clock to the ADC. It can be seen from 

i i/j . 11.23 that the echo appears at (t + 2t) after the long off 

r< to: want pulse irrespective of its width. The ADC clock pulse 

is always generated at (t + 2t) after the falling edge of the off 

resonance pulse. The microprocessor program is now executed with 

a given Initial value of off-resonant pulse width t , . s . The 

pU) 

ADC clock pulse samples the echo maximum and stores it into the 
first memory location of the block 1 2 '. Then the microprocessor 
program increments t (accordingly the ADC clock pulse is shift- 

ir 

<_d) and the signal analyzer samples the corresponding echo maxi- 
mum to store it into the second location of block '2'. The 
process continues till the response is recorded for maximum 
desired value of off-resonant pulse width. The block '2' data 
at the end of the experiment will be the required Lee-Goldburg 
sequence response. 

I I . E ( 3 ) A utomation of ZSEEM Experi me nt 

For the automation of ZSEEM experiment various methods 
have been developed to reduce the experiment time and to improve 
signal- to- noise ratio (s/N) as much as possible. Three of these 
methods namely. Method I, Method II and Method III, are describ- 
ed here. In all the three methods basic role of the micropro- 
cessor is to generate the echo pulse sequence increment pulse 
separation and generate trigger pulses with appropriate delay. 

But the signal acquisition and processing procedure is differe 
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for different methods. 


Method I 

.i.h f'.is method the boxcar Integrator (Model CW-1, Princeton 
App.1i.eJ Research/ USA) is used for single point averaging. The 
averaged signal is acquired by the signal analyzer in the form 

of ZSEEM [20]. 


A suitable software program has been written which enables 
the microprocessor to generate a two pulse sequence with the 
separation T automatically incremented and a boxcar sampling 
nulse at 21 . in the initial part of the program the numbers 
corresponding to, the pulse widths (t ± and t 2 ) of first and 
second pulses and pulse separation (see Pig. 11.24) are stored 



Fig. 11.24 Echo pulse sequence with boxcar 
trigger pulse. 


These numbers are translated into time intervals using 
appropriate software counters as described earlier in this 
chapter. The software is written in such a way that the pulse 
sequence is repeated a preset number of times for each value 
of T in order to enable the boxcar averager to give a stable 
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vol taye output corresponding to the echo maximum at 2t. The 
number oi times the pulse sequence has to be repeated is deter- 
mines by the setting of the time constant of the boxcar integra- 
tor/ w.’iicn in turn is optimized for the best s/N ratio. After 
repenting the sequence, a desired number of times the program 
increments the contents of C register and generates the 
sequence with an increased value of T , and the process continues 
till the maximum desired value of T is reached. The program 
also generates and outputs through BNC-2 a trigger pulse at 2 t 
(from the first pulse of the echo sequence) to open the boxcar 
gate and to sample the echo maximum. The delay for this trigger 
pulse at 2 X will be incremented in synchronization with the 
increment of separation x between the pulses. Apart from gene- 
rating the echo sequence and boxcar trigger pulse, the program 
also generates another pulse at the beginning of the experiment 
at BNC-3 which initiates the signal analyzer to acquire boxcar 
output. The program can be run in two modes, namely; (i) "set 
mode" and (ii) "measure mode" (see Pig. 11.25 for details) . In 
the set mode the separation between the pulses (t) is not incre- 
mented and also the trigger pulse to the signal analyzer is not 
generated. This mode is useful for visual observation of the 
echo signal on an oscilloscope for adjusting the experimental 
parameters to optimize the signal. In the "measure mode" the data 
acquisition by the signal analyzer is initiated for a given value 
of t( initial value of separation) and the data are acquired 
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IX* 25 Flow chart of the microprocessor program for automatic 
acquisition of ZSEEM into the signal analyzer through 
Boxcar Integrator. 
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pulse separation t incremented. The spectrometer is opera— 
ted in the "measure mode" only when the data are to be acquired 
after adjusting all the experimental parameters in the "set mode". 
Transfer from "set mode" to "measure mode" is achieved by the 
interrupt facility available on board in the microprocessor 
system [68 ]. The total experiment time for the acquisition of 
Z5EEM by this method for a T range of 22 M sec to 1240 Msec is 
about 40 minutes. This large time is required because suffi- 
cient time has to be given at each T value to effect the single 
point boxcar averaging. 

The ZSEEM spectrum acquired into the memory of the signal 
analyzer Is transferred to an inbuilt mini-floppy disk of the 
signal analyzer for permanent storage. The ZSEEM spectrum 
stored in the floppy can be taken, when desired, on to an x-y 
recorder through "pen-out" of the signal analyzer. 

To reduce the experiment time and also to improve s/N 
ratio, we have developed schemes by which the signal is acquired 
directly by the signal analyzer and these are discussed in the . 

following sub-sections. 

Method II 

As has been pointed out the acquisition of ZSEEM by 
Method I takes considerably long time ( 40 minutes). In order 
to avoid this we thought it worthwhile to develop a method to 
directly acquire ZSEEM into the signal analyzer without the 
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intervention of boxcar averaging. Software program for the 
microprocessor for this purpose is same as that for the Method I. 
For th, purpose of acquiring ZSEEM directly into the signal analy- 
ser we have used the pulse generated at 2 T by the microprocessor 
{sc*.. Fig - 11.24) as the clock pulse to the ADC of the signal 
analyzer which is operated in the external clock mode. This 
clock pulse samples the echo maximum amplitude at 2 T and stores 
it into the block memory of the signal analyzer starting from 
the first memory location of the block *2* for the initial value 
cf t. Tn this method no waiting time is required after the acqui- 
sition of echo maximum for a given value of T and hence T can be 
incremented immediately after the acquisition of the previous 
sample. It has been realized in this process that there was ot 
slight mismatch of the ADC clock pulse and the echo maximum 
amplitude for smaller values of t. The software program has, 
therefore, been modified to generate five ADC clock pulses around 
the echo maximum so that five samples around the echo maximum 
will be acquired into the signal analyzer for each value of t. 

This data is further processed off-line using BASIC programming 
facility of the signal analyzer. A program has been written in 
BASIC language to choose maximum of the five points stored in a 
given block (source) for each T and to store the maximum value 
chosen into another block (destination). The total time includ- 
ing off-line processing time required for this experiment scann- 
ing a t range of 26 ji sec to 1200 Msec is about 4 minutes. 
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Method III 

In this me the 1 the echoes are completely acquired into the 
si rjimil onnlyaer operated in the BASIC mode as a function of x and 
those echoes ore processed off-line in the signal analyzer (a 
" BASIC’ 1 language program is written for off-line processing) for 
obtaining ZS&EM. The flow chart of the program (BASIC program 
which is synchronized with the microprocessor pulse sequence 
program) for the acquisition of echoes and processing for ZSEEM 
by this method is given in Pig . 11.26. These programs are named 
"AVERAGE" and "PROCESS" respectively. 

The microprocessor generates the pulse sequence and the 
trigger pulse for the acquisition of echoes into the signal 
analyzer. The trigger pulse is generated at ( x minus 10) ju sec 
after the second pulse so that the echoes are acquired starting 
from a point much before the echo maximum. The signal analyzer 
is programmed to average the echoes -25 times for each value of t 
and store the result in block ' 2 1 . The program "AVERAGE" then 
transfers the- averaged echo into the floppy disk following which 
the data of block 1 2* is erased. Once this process is over the 
microprocessor program increments x and generates the next pulse 
sequence and the trigger pulse with the increased value of x and 
the corresponding echo is acquired by the signal analyzer. 

It should be- mentioned here that, after the echo signal 
is averaged (-25 times in our experiments) for a given value of 
X it has to bo transferred to the floppy disk before the 
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(a) Program » AVERAGE* (bj Program * PROCESS 1 


Y* File mtmoer of tine echoes stored in the floppy 

Note? Y ss 100 (i.e. totally 99 echoes are recorded 
for different values of T ) 

Fig. 11.26 Ftow chart of the program in BASIC language for the 

ZSEEM experiment by method III (a) The program "AVERAGE" 
and (b) The program "PROCESS". 
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microprocessor program generates the next sequence with increased 
T * hence, the microprocessor has to wait until this transfer 
is done by the signal analyzer. As there is no provision in the 
signal analyzer to indicate to the microprocessor about the com- 
pletion oi the transfer we have adopted the following procedure 
for synchronizing the microprocessor program and the program 
"A 7z.RA jE" executed by the signal analyzer. The pulse sequence 
is repeated nearly 30 times for a given value of t, whereas the 
trigger pulse for the data acquisition is generated only for the 
first 2 b repetitions. The subsequent five repetitions will be 
dummy, during which period the averaged echo signal is transferred 
to the floppy. With this , the acquisition and transfer of echoes 
into the f 1 oppy disk by the signal analyzer under the BASIC pro- 
gram control is synchronized with the microprocessor program. In 
this way the signal analyzer acquires the desired number of 
echoes (-100) into the floppy (with file number 'one' for the 
first echo and 'two' for the second echo and so on) for various 
T values starting from about 40 p, sec to 1150 it sec. The subse- 
quent processing of the echo data stored in the floppy to obtain 
2SEEI3 can bo donu off-line by the program "PROCESS" written in 
the BASIC language. 

Upon the execution of the program "PROCESS" the off-line 
processing of the data starts and the first echo (from file 
number "one") is brought to block ' 2 ' from the floppy disk. 

The program then chooses the echo maximum and stores this maximum 
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v : r,to t3,e first memory location of Block '3'. After this 

i.. done t ht. f.rc^rarr erases the Block '2' data and brings the 
second 1 iic (second echo with the increased t value) from the 
floj'i'l d.isK to the 1 slock 1 2 1 and then chooses the echo maximum 
to store it in the second memory location of Block '3 ’ . The 
process continues till all the 100 echoes are processed and at 
the end the ZSEEM spectrum stored in the block ’ 3 1 is displayed!. 


From the point of view of data acquisition time and s/N 

ratio Method III is the optimum. In this method the averaging 

and acquisition of echoes (100 echoes) takes about 5 minutes and 

the off-line processing of these to obtain ZSEEM takes about 

lb minutes for a typical T range of *90 Msec to 1200 Msec. 

Method I Cl takes much less time and effort than Method i and at 

the same time gives improved signal- to- noise ratio. Method II 

takes an overall time of 6 minutes to obtain single ZSEEM pattern. 

Out of thin about two minutes are spent for the acquisition and 

rest of the time for j^rocessing. Though, this method takes less 

time among a 3 1 the three methods the s/N ratio is less than that 

obtained by Method III and is comparable with that obtained by 

33 

Method I. ZSEEM spectra of "“Cl in powdered KC10 3 recorded by 

the three methods are compared in Fig. 11.27. 


1 1 . E ( 4 ) Auto m ation of STEEM Experiment 

For the automatic acquisition of STEEM signal, schemes 
similar to Method II and Method III of ZSEEM acquisition have 






20 170 320 470 620 770 920 1070 1220 


T (p sec) 

Fig. 1 1 -27(b) Experimental 35ci ZSEEM pattern in KCIO 3 obtained by- 
Method II at ^298K (u> 0 = 28-0896 MHz) with a magnetic 

field of c* 13-5 Gauss. 




Echo Amplitude (arbitrary units) 



90 238 386 534 682 830 978 1126 1200 


X (p sec) 

Fig. 1 1- 27(c) Experimental 35 Cl ZSEEM pattern in KC10 3 obtained 

by Method III at =s298K (co 0 =28-0896 MHz) with a mag- 
netic field of ad 13-5 Gauss. 



Df.’cii developed. 


A suitable software program has been written 

y/;a»..h Oi.aolt. s the i, icroprocessor to generate a three-pulse 

sequen cv. as shewn in Fig. 11.28. 

Stimulated Echo 
Sequence 

->> ADC Clock Pulses 

r.ici. 11*28 Stimulated echo sequence together with 
the ADC clock pulse for sampling the 
echo maximum 

In the STEEM experiment one studies the stimulated echo ampli- 
tude a:; u function of the separation ' t 1 between the second and 
third pulses with a constant 1 f value . The stimulated echo 
forms after a time ' T* from the third pulse. Hence the ADC clock 
pulsus (five) to the signal analyzer are generated by the micro- 
processor around T( Ln the Fig. 11.28 only one ADC clock pulse is 
shown, but in the actual experiment five clock pulses are gene- 
rated around the echo maximum) . The microprocessor also gene- 
rates a trigger pulse at the beginning of the experiment which 
enables the signal analyser to start data acquisition. The data 
is acquired into 1 K of memory corresponding to two hundred 1 1 1 
values ranging from 300 jx sec to 1300 ju sec. This data is proce- 
ssed to choose the maximum of the five points using the BASIC 
language facility of the signal analyzer with the same program 
described earlier (in the Method II of ZSEEM) to obtain STEEM 
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pattern. The STEEM spectrum obtained by this scheme has poor 
S/t ratio. lor this reason a method similar to that of Method III 
'i r Z3L1 i £ developed by the use of same BASIC programs written 
f ° r "SEE,' (namely AVERAGE and PROCESS). For this purpose the ADC 
clock pulse shown in the ?ig. 11.28 is used for triggering the 
oionnj analyzer to capture the echo (in this case the trigger 
pul st is generated at ( T m inus 10) jut, sec after the third pulse in 
order that the signal analyzer captures the echo starting from a 
point much before the echo maximum) . in this way nearly hundred 

stimulated echoes are acquired (each averaged 25 times) for diffe- 

' » 

rent values of 1 1 ' (ranging from -300 to 1300 Jl sec). As in the 
case of 2SEEM the acquisition is done under the control of BASIC 
program AVERAGE. The subsequent off line processing of these 
stimulated echoes to obtain STEEM patterns is done by the signal 
analyzer using the BASIC program "PROCESS" described earlier. 

II. F CAPABILITIES I AND PERFORMANCE EVALUATION OF THE SPECTR O- 
METER 

In order to assess the performance of any scientific instru- 
ment and attach significance to the results produced by the ins- 
trument, it is necessary to first check if it is capable of re- 
producing known results, in this section we describe the capabi- 
lities of our microprocessor-controlled pulsed NQR spectrometer 
and present typical results obtained from various pulsed and 
multiple-pulse experiments. These results on known samples are 
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present* <i ’a r«.. to demonstrate the capabilities and quality of 

j). r forma rice of the instrument. 

1 3 ’ n ) l-uQilrjj. .gTr. ^UR Recordings 

In this experiment signal averaging is required for improv- 
ing s i gn a J - to- noise ratio. For this purpose a highly stable fre- 
quency source is required. In our spectrometer system the fre- 
quency of the r.f . source (HP-8640B) has been locked to an 
internal 1 MHz crystal source during the averaging process . The 
PID signals are first acquired and averaged by the signal analy- 
zer under the supervision of the microprocessor (see section II. e) , 
then the FFT of the FID is performed automatically under the 

O C 

BASIC program control . The FID of Cl in powder sample of 
NaClQj obtained by an averaging over 500 transients is shown 
in Fig. 11.29(a) and the corresponding FT-NQR signal is presented 
in Fig. 11.29(b), The complete processing time for averaging 
and Fourier Transformation to obtain these signals was about a 
minute with the signal analyzer operated in the "BASIC" mode. 

Thu S/N ratio of the FT-NQR spectrum is comparable with CW NQR 
spectrum obtained from an injection- and phase-locked SRO spectro- 
meter [69] averaged over a period of five minutes. Fig. II. 29(c) 
presents the FT-NQR spectrum of Cl in powdered sample of NaClC> 3 
with a Zeeman field (H ) of -12 Gauss. Here H q has been applied 
in perpendicular direction to the coil axis and the spectrum has 
boon obtained by averaging over 20,000 transients in -30 minutes. 
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Fig. 11*29 (c) Zeeman FT-NQR spectrum from 35 qi j n NaCI 03 (ca) 0 = 
29*9524MHz) with a magnetic field ^ 12 Gauss (H 0 ±Hi) 




Fig. 11.30 Spin echo singnal of 35q[ j n NaCl 03 (gd 0 =29-9117MHz) at room 
temperature (H 0 = 6Gauss). 
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( jj sec) 

Fig.1131 Experimental ZSEEM pattern from ^Cl j n powdered 

sample of SbCl3 (site II ; to 0 = 19 -1713 MHz) with a mag- 
netic field of - 9-75 Gauss obtained from a series of 
two pulse experiments. 

[ 

\ 
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Clearly the FT method has resolved all the four lines which is 
not usually possible with C.W. methods where modulation broaden- 
ing effects are severe. 

I! .F ( 2) Spin Echo and 2SEEM Experiments 
35 

The Cl spin-echo signal obtained from a. sample of powder 
NaClO^ in the presence of a weak Zeeman field of -6 Gauss and 
averaged over 100 repetitions is shown in Fig. 11.30. 

The ZSEEM pattern acquired by the signal analyzer under the 
supervision of the microprocessor and in the BASIC program control 
(see Method III in section II. E) from Cl nucleus in powder SbCl 3 
(Site 2 , £i> 0 = 19.1713 MHz) with a Zeeman field strength of 9.75 
Gauss is presented In Fig. 11.31. The above site in this compound 
has a non-zero asymmetry parameter ( 0.16) and has a short 
value. These two factors are clearly seen from the ZSEEM spectrum 
The pattern also agrees well with the one reported earlier [53 J 
for this compound using an unautomated spectrometer. 

II.F(3) Response of Lee- Goldberg Experimen t 

Our present spectrometer is also capable of automatically 

acquiring the response of modified Lee-Goldberg experiment (see 

section II. E). This off-resonant experiment has been widely used 

in high resolution NMR of solids and also to some extent in NQR 

[70 ]. To evaluate the performance of the spectrometer we obtained 

35 

the responses of Cl nucleus in a powder sample of AgCl0 3 to the 
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Fig. 11-32 Response of 35d in powdered AgCl 03 to modified 
Lee-Goldberg sequence: (a) H o =0 and (b) H 0 *6-75 



2-5 5-0 7-5 10-0 12-5 15-0 17-5 20-0 22-5 25-0 

Time (m sec) 

Fig. II. 33 Response of 35 q[ in powdered sample of KCIO3 to CPMG pulse sequence 
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modified Lee— Goldberg sequence in the presence of a weak Zeeman 
field and without Zeeman field. These responses recorded with an 
off-set (Aw) of *2 KHz are shown in the Fig. 11.32(a) and Fig. 
11.32(b). The response shown in Fig. 11.32(b) is comparable with 
that obtained earlier by plotting the Lee-Goldberg sequence res- 
ponse point- by-point as a. function of the off-resonant pulse 
width [7lJ. 

II. F (4) Multiple-Pulse Response 

The results of various multiple-pulse experiments on spin 
1=3/2 powder samples using the present microprocessor-controll- 
ed pulsed NQR spectrometer are presented in Chapter IV of the 

present thesis. As an example, we present here the response of 

35 

Cl in the powdered sample of KC10 3 to CPMG pulse sequence (Aw = 
2.5 KHz) in zero applied field (Fig. 11.33) . The response to 
48 71 -pulses (applied along Y-axis) of the CPMG sequence with a 
value for T of 250 /j, sec has been shown in the figure. This 
compound has a spin-spin relaxation time (T 2 ) of the order of a 
msec. However, it can be seen from the Fig. 11.33 that multiple- 
pulse response in this compound persists for a time much longer 
than T 2 which is an indication of the elongation of transverse 
relaxation time under the influence of the CPMG sequence. 

The results presented in this section clearly indicate the 
reliable performance and versatility of the spectrometer. Minor 
modifications of the spectrometer can enhance its capabilities 
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Sjumnary 

In this chapter, the details of automation and control of 
our pulsed NQR spectrometer using a microprocessor have been 
presented. Hardware details of the microprocessor and the soft- 
ware developed to generate various pulse sequences have been dis- 
cussed. It has been demonstrated that the use of a microproce- 
ssor in pulsed NQR instrumentation gives considerable flexibility 
to perform virtually any kind of experiment that is known in 
modern pulse/multiple pulse NQR spectroscopy. Automation of 
various pulse experiments including ZSEEM and STEEM experiments 
have been described. BASIC programming facility of the signal 
analyzer together with the microprocessor has been used for the 
automation of these experiments. The performance capabilities 
of the spectrometer have been demonstrated by illustrating various 
experimental results obtained with different types of pulsed expe- 
riments . 

In the next chapter the results of our experimental ZSEEM 
investigations using the microprocessor controlled pulsed NQR 
spectrometer will be presented. The results on the implementa- 
tion of oxtended-time excitation technique to obtain ZSEEM in 
NQR will also be described in the next chapter. 
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CHAPTER III 


ZEEMAN PERTURBED NUCLEAR QUADRUPOLE 
PIN-ECHO ENVELOPE MODULATION (ZSEEM) 
STUDIES ON SPIN I = 3/2 NUCLEI IN 


POWDER SPECIMENS 
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Equation (111,1) it is clear that the experimental measurement 
ol the pure quadrupole resonance frequency 3^ alone is ina.de- 
ouate to determine the two unknown parameters e 2 qQ and V . The 
application of an external Zeeman field is necessary to lift the 
degeneracy of the energy levels, so as to result in four transi- 
tion frequencies centered around the pure quadrupole frequency. 
These frequencies can then be used to obtain the two NQR para- 
meters 7? and e 'qQ [ 1 j . Zeeman NQR spectroscopy has been utiliz- 
ed in the literature to obtain these parameters in both single 
crystal [?.j and polycrystalline specimens [3-5]. Treating the 
Zeeman interaction as a perturbation on the quadrupolar inter- 
actions, Mori no and Toyama [3 ] have shown that 7? can be deter- 
mined accurately from the Zeeman NQR line shapes obtained for 
parallel orientation of r.f. and Zeeman fields in polycrystal- 
line samples. The salient features in the powder pattern, for 
non-zero 7? , are the singularities at 


v --- v. p + (1 + 7?) V 
li — * o 


(III. 2) 


and v v t jp - (1 + 7?) v Q 


(III. 3) 


where v. 

v 

and v 


o 


e 2 qQ 

2h 

r 

2tT h o 


7) x 1/2 


can be 


here v is the Larmor frequency, and P = (1 + — sr ) 
o ° 

determined from the splitting of the adjacent singularities. 


To first order in 7? and H , the separation between the adjacent 

w 



singularities is given by 

d,v = 2 nv o . . . ( hi . 4 ) 

Morine and Toyama [ 3 ] have described an extrapolation 
method for obtaining 7) from powder Zeeman NQR spectra recorded 
at several Zeeman fields. Due to the fact that the experimental 
Zeeman NQR spectra, in general, have very poor signal- to-noise 
ratios, the unambiguous measurements of splittings are diffi- 
cult. Hence, several workers [4, 5, 6-8] have used the method 
of direct comparison of computer simulated Zeeman NQR powder 
patterns and the experimental Zeeman NQR spectra usually at 
lower fields to obtain V values. The method of Mori no and 
Toyama is devoid of a principal error that plagues the single 
crystal experiments (i.e. the error due to misalignment of the 
crystal with respect to the external field direction) . However, 
the powder method suffers from the drawback that the intensity 
of the signal deteriorates even at relatively low Zeeman field, 
strengths before the paired singularities become well resolved. 

In order to increase the signal -to-noise ratio in the Zeeman 
NQR spectrum, one increases the modulation depth in CW spectro- 
meters. It is well known that the increase in the modulation 
depth increases the width of NQR lines and the spurious kinks 
in the modulation broadened spectra may be erroneously identified 

as "T)-kinks" [5j. This was infact the reason for the discre- 

35 

pancy in the f\ values obtained for HgCl 2 , at the site of Cl, 
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from single crystal and powder studies. Harihara Subramanian 
and Nerasimhan [5j have discussed the origin of the discrepancy 
In the T) values obtained from the two methods and attributed to 
the erroneous identification of the 17-kinks to modulation-broaden- 
ed background of the steady— state powder Zeeman NQR spectra. 

They used an injection- and phase-locked SRO type NQR spectro- 
meter and employed coherent signal averaging technique which 
improved the signal-to-noise ratio and reduced the possibility 
of modulation broadening and compared thei ; r experimental 
powder Zeeman spectra with those of computer simulated ones. By 
this method they could get 17 value for HgCl 2 which is in good 
agreement with single crystal results . 

The higher sensitivity and convenience of employing long- 
term signal averaging in pulsed NQR spectrometers (see section 
III.D) is expected to further facilitate the evaluation of V from 
Zeeman NQR studies of polycrystalline samples. The Zeeman-per- 
turbed spin echo envelope modulation (ZSEEM) function/ £.(2t), is 
expected to contain information on 17 , since the energy levels of 
a Zeeman perturbed quadrupolar nucleus are 17-dependent. A syst- 
ematic analysis of ZSEEM pattern is therefore expected to give 
valuable information on the asymmetry parameter n. To under- 
stand and appreciate the information content of echo envelope 
modulation it is necessary to study the origin of modulation 
and conditions required for observing these modulations. These 



aspects are oiscussed in the following section (section III.B). 


1 1 I . B GE NERAL BACKGROUND QM SPIN ECHO ENVELOPE MODULA T ION 

In spin-echo experiments a periodic variation of amplitude 
associated with small splittings of the resonance line is obser- 
ved in the envelope of echoes which is obtained by plotting the 
echo amplitude against the pulse separation T. This effect can 
be used to measure finer splittings even when they are too small 
to be resolved by CW methods in the presence of inhomogeneous 
line broadening. The origin of resonance line splitting, which 
is responsible for echo envelope modulation, is different in 
different branches of magnetic resonance . whereas in the case of 
NMR the indirect J-coupling [9] is responsible for the modulation, 
in electron paramagnetic resonance [10-12 ] it is the hyperfine 
coupling and in NQR spectroscopy, the Zeeman splitting and also 
J-coupling [l3j are responsible for these modulation effects. 
Two-pulse and stimulated echo sequences can both be used for 
this study. The two- pulse echo envelope contains sum and diffe- 
x once of sp3.it frequences apart from actual splitting frequen- 
cies (to and W ) . a display of the splitting frequencies without 

cl D 

such combinations can, however, be obtained by performing a. 
stimulated echo experiment and plotting the echo amplitude as 
a function of the time (t) between second and third pulses. 

Fig. III.l shows a general case of splitting associated with 
two sets of spin states l a > and >l£ > . It shall be noted that 
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transitions are possible from each |cc_,> state to more than one 
!%> states (branching transitions ) t 
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Fig. III.l Splitting of degenerate spin states due to 
fine interaction. 

The branching of transitions is responsible for the observation 
of echo envelope modulation effect. When branching transitions 
occur, the resonant pulses induce coherent relationships between 
the states within the (X and /3 manifolds as well as between 
states in opposite manifolds. This leads to interference 
effects in the spin echo and hence to the modulation of the 
echo envelope. Experimentally, only those modulation frequen- 
cies which lie within 2 (H^ is the strength of resonant 
field) are effectively in resonance with the alternating field 
and are therefore able to contribute to the modulation effects 
[l4]. It is, therefore, net possible to observe the modulation 
effect in the echo envelope with low field when the energy 
level splittings are large. 

If we now consider the special case of a Zeeman perturbed 
quadrupolar spin system with I = 3/2, it is evident that a 



coherent pulse excitation of all the branching transitions would 
lead to spin echo envelope modulations, with frequencies corres- 
ponding to the Zeeman splittings ^ and to, , and also their sum 

a jo 

ano differences frequencies in the case of a two— pulse experi- 
ment. Due to the insensitivity of the spin echo signal to 



Fig. I II. 2 Zeeman splittings of the nuclear quadrupole 
energy levels of spin 1=3/2 systems 

static inhomogeneities, small Zeeman splittings will also be 
observed as echo envelope modulations even when they are obscur- 
ed in the steady-state experiments. Apart from its dependence ; 
on T\ , the spin echo envelope modulation function, £(2t), is 
also dependent on the angles 9 and /, depending the mutual 
orientation of the external fields and the principal axes of 
the efg tensor, owing to the dependence of the various energy j 

I 

levels and the transition probabilities on these angles. There * 
are two conditions required to be fulfilled to observe Zeeman- 
perturbed spin echo envelope modulation, namely, i) the Zeeman 

splittings ^ and W, of the upper and lower levels, respectively 

0 
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(see Fie . III. 2) should be larger than the frequency width of 

the spin packets tret make up the inhcmogeneously broadened NQR 

.line, rrd (ii) the r.f. field is such that r h„ >>to and w 

la b 

The f i i s t condition ensures the occurrence of several modula- 
tion periods within the echo decay time, the latter ensures the 
excitation of all the branching transitions. 

Sapozhnikov and Tasman [13] have attempted an analysis of 
the polycrystalline specimen ZSEEM patterns for spin I = 3/2 
nuclei, for a parallel orientation of the external magnetic 
field and the exciting r.f. field. Their method of simulation 
of ZSEEM is of questionable validity due to the assumption that 
£ ( 2 "0 contains frequency components at only that corresponds 
to the Zeeman splitting of the lower energy level. In reality 
i(2T) contains 0 )^ and (W g -} (»^) and ( components in a 

two-pulse experiment [14, 15]. Ainbinder et al. [16] obtained 
an expression for <I X > by examining the problem for an arbitrary 
spin and an arbitrary orientation of the external magnetic field 
relative to the principal axes of the efg tensor when 
for the case of single crystals. Hence, this study is of little 
use for a detailed analysis of the Zeeman-perturbed SEEM 
patterns obtained from polycrystalline specimens. Zakirov and 
Safin [l7 ] have calculated the echo envelope shape in powders 
for spin 3/2 nuclei. They have obtained relation between rj and 
experimentally measured parameters. They have not given details 
of their calculation explicitly. Ramachandran and Narasimhan [15] 



have used the density matrix formalism to compute the response 
of a Zeeman-perturbed nuclear quadrupole spin 1=3/2 ensemble 
to a resonant tv/o— pulse excitation. They have considered the 
Parallel orxentction of the external fields/ and H q , and cal- 
culated t(2"i) fox' orbitrary orientation of these fields with 
respect to efg principal axes. They have powder averaged the 
theoretical response on a computer and compared theoretically 
simulated ZSEEM spectra with experimental ones to determine V 
values . They have used for recording the experimental ZSEEM a 
pulsed spectrometer [l8], where the settings of pulse separation 
( t) and of the delay for opening the boxcar sampling gate are 
manually adjusted and they found it extremely cumbersome to 
perform these experiments [ 1 5 ] . To overcome these difficulties 
we have, used the microprocessor-controlled pulsed NQR spectro- 
meter system [l9j described in Chapter II of the present thesis, 
for these studies. 

We now briefly outline the theoretical analysis of ZSEEM 
from spin 3/2 powder samples in the following section (section 

III.C) . 

III.C THEORETIC AL ANALYSIS OF ZSEEM FOR SPIN 3/2 NQR SYSTEMS 

In Chapter I (see section I.B(2)) we discussed the utility 
of density matrix formalism to obtain theoretical expression for 
the transient response from a spin I = 3/2 NQR system as a 
result of the application of a resonant r.f. pulse of duration 
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%>/* £' c ' no envelope modulation can be studied using a series of 
two- pulse experiments . We shall extend here the analysis of 
section I . B ( 2 ) to the response of spin 3/2 systems to a two- 
pulse sequence with a pulse separation of T. We then go on to 
calculate the response of the system to a two-pulse sequence in 
the presence of small Zeeman field which yields ZSEEM and which 
is the subject matter of this chapter. 

I I I . C ( 1 ) Response of Spin I = 3/2 Systems to a Two-Pulse 
Sequence in the A bsence of Zeeman Fie ld 

Let us consider a two pulse sequence with equal pulse 
width and a separation of t as depicted in Fig. III. 3. 

I II III IV 


Fig. III. 3 Two-pulse spin echo sequence 

We are concerned here with the calculation of the signal 
induced in the r.f. coil after the second pulse. By following 
the theoretical analysis discussed in Chapter I (see section 
I.B(2) ) we can calculate the evolution of the spin system during 
two sets of periods of nutation (periods I and III) and free 
precession (periods II and iv) and occur in a spin echo sequence 
(Fig. III. 3). The evolution operators being exp(-i^{*t) for 
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the regions I and III rand exp[- j for regions II and IV. 

Here ^ k is the effective Hamiltonian in the interaction represe- 
ntation defined in Chapter I (section I.B.(2)) and Aco is the 

offset. The definition of * t * for various regions is as follows: 

0 j< t 1 t (for region I) 

< T ( f ° r region II) 

T < t 3 < ( i+ t ) (for region III) 

t. > ( T+ t ) (for region IV) 
w 

We then obtain the density matrix P(t 4 ) describing the 
evolution of the system after the second pulse (region IV in 
Fig. III. 3) . 

P(t 4 ) = U 4 U3 T -' 2 U 1 P(0)U 1 " 1 U 2 " 1 U 3 “ 1 U 4 " 1 ...(III. 5) 

where U. / U„, U~ and U„ are the evolution operators in the four 

1 Z 3 S: 

regions depleted in Fig. III. 3 and are given by 

= exp(-iIH*t 1 ) ...(111.5(a)) 

U 2 = exp[- l'(AO)) <Hq ^2 j ...(111.5(b)) 

U 3 = exp(- i^{*t 3 ) ...(111.5(c)) 

0 4 = exp[- |(Al0)^ Q t 4 ] 


. . .(111.5(d) ) 
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The details of the calculation for the evolution of the density 
matrix can be found in references [l5, 22 ]. 

Once we have the density matrix in hand we can calculate 

the expectation value of I and hence the signal (Av ) induced 

x ^ x 

in the coil. Thus, we find 

A 

AV X = K^3 {sinctcos 2 ^ cos to Q t + sin a cos a cos [to (t-T)] 

-sin a sin 2 cos [to (t-2T)]j ... (ill. 6) 


introducing the spread in resonance frequencies one obtains. 


2 2 
AV^ = 10^3 ) {sin a cos 2 y cos to t ' 


exp 


2T 


*2 


+ sin a cos cx cos [to Q (t-T) ].exp[- ] 


2T, 


■ 2 
- sin a sin 2 Tj-cos [to (t-2^) ].exp[- — ] ? 


2T, 


. . . (111.6(a)) 


where cx 

and 


V 3 

-cL., -yu +• 

2 dw 


t > T+ t and T » t 
«* w w 


The first term in the equation (111.6(a)) represents the 
remnants of the FID following the first pulse. If t »t", this 
signal will decay before the application of the second pulse, the 
second term gives the FID following the second pulse which has a 
maximum at t = X, The third term represents the echo signal 
which has a maximum at t = 2T. The envelope of the echo maximum 

jjk ’ ■ " i "' : 



plotted as a function of t , decays with an exponential time 
dependence, characterized, by the time constant where T 2 is 
the spin phase memory time or the spin-spin relaxation time. T 2 
usually has a higher value than T * [20j. While T * has contri- 
butions from both inhomogeneous and homogeneous line broadening 
mechanisms, Q? 2 has contributions only from the latter. 

Although the case of two pulses of equal widths has been 
considered, the results are similar for any combination of two 
pulse sequence. Only the overall signal amplitude will differ, 
depending on the magnitudes of constant factors involving trigno- 

metric functions of t ) . 

1 w 

III .C ( 2) Response of Spin 1=3/2 Systems to a Two- Pulse 

Sequence in the Presence of Perturbing Zeeman Field 

In the presence of a finite magnetic field (H ) , the 
doubly degenerate nuclear quadrupole energy levels split (see. 
Fig. III. 2) depending upon the strength and the direction of H q 
relative to the principal axes of the efg tensor we wish to 
calculate the echo intensity £(2t) as a function of T, due to the 
excitation of branching transitions between various quadrupolar 
levels split by the Zeeman field. Relaxation processes, in 
general, cause the echo to decay. These effects are not consi- 
dered in the calculation of £(2t). The damping of echo envelope 
modulation due to relaxation process can be incorporated into 
£(2T0 later on. 
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The total Hamiltonian for a spin I = 3/2 nucleus in an 
asymmetric efg (tj^o) and a Zeeman field is. 


= ~ H Cl + 


.. (III. 7) 


where 



^x 2 “ 


I 2 ) ] 
Y J 


.. (III. 8) 


and 

Z» 


A A 


r h H. I 


(III. 9) 


For arbitrary T) values, considering the approximation ljj^l » IJ^l , 
the wavef unctions and the energy levels can be obtained by treat- 
ing the Zeeman term as a perturbation on the quadrupole levels 
[2lJ. This solution gives the required transformation matrix 

[t], between the pure quadrupole basis (/. ) and Zeeman basis 

1 

Cg ± ) [15, 22 1 i.e., 

h±l = [t][^ ± J .. (III. 10) 

In this section we are concerned with two-pulse response 
in the presence of a Zeeman field . The main difference between 
the present case and that discussed in section III ,c(2) is that, 
here we have the thermal equilibrium reduced density matrix over 
Zeeman basis to start with. Further, the nutation a.nd free prece- 
ssion occur in the presence of Zeeman interaction apart from the 
main quadrupolar interaction. However, it should be noted that 
during the nutation periods the evolution is considered by 
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necjlecting Zeeman interaction for simplicity. Then the evolu- 
tion operators are transformed into the Zeeman basis. 

Adapting the density matrix formalism (see section I.B(2) 
of Chapter I) for this case we can arrive [l5] at the density 
matrix P(t 4 ) describing the evolution of the spin system after 
the second pulse of echo sequence. For this purpose it is 
advantageous to go to an interaction representation defined 
earlier in Chapter I (section I.B(2)). 

P(t 4 ) = S 4 S 3 S 2 S 1 P(0) S 1 “ 1 S 2 _1 S 3" 1 S 4 _1 .. (III. 11a) 

(or) P(t 4 ) = S P( 0) S -1 .. (III. lib) 

where S = S 4 S 3 S 2 and the evolution operators S^, S 2 , S3 and 

S 4 correspond to the regions I, II, III and IV, respectively, of 

Fig. III. 3. From the density matrix (equation III. 11b) we can 

obtain the expectation values of < 1 . > . i.e., 

1 i = X/ y / z 

< 1 , > , =T [P(t,)l.1 .. (III. lie) 

i i y# z r L 4 

The induced signal can be obtained from the expectation 
values of (i = x, y, z) resolved along the axis of the coil, 
i.e., 

I(t) = I sinQ.cosj# + I sinO.sin# + I cosQ .. (III. lid) 
where Q and jS are polar angles defining the mutual orientation 
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0j ~ ex ternal fields (H^ and H Q ) and the principal axes of the 

efg tensor. The induced signal is proportional to the time deri- 
vative of I(t), i.e., 

8(t) 06 .. (hi. 12 ) 

Mow, the expression for the Zeeman perturbed spin echo 
envelope modulation function e(2T) is given by [l5]. 

(o) ) 2 

s(2T) - K 72lTl7KT Sin sin ^ TH 1 t w ) 

{ [exp(~i w^t) + exp(iw^T)-exp(-i(W a ”W^)T) j 
+ [expC-iw^t) + exp(-co^T)-exp(-i(W a + C0^)T ) j 

+ C^R 1 [exp(ico a T) + exp(ico b T)-exp(i((i> a -h w b ) T ) j 
+ D jL S l [ ex P(i to a T ) + exp(-i<i> b T)~exp(i (0) a - C 0 ^)t)] 

+ [E^ + + G 1 R 1 + H 1 S 1 ]} .. (III. 12a) 

Here t is replaced by 2t and the expression for A^, c^, D^, 

E l' F l' Q l' H l' P l / °1' R 1 and S 1 are glven in the referen cs [15], 
The function C(2t) (equation 111.12(a)) is obtained for an 

arbitrary orientation (€, 0) of the external fields (H^ and K q ) 
with respect to the efg principal axes system. The response of 
quadrupolar spin ensemble in a polycrystalline samples, where 
all values of 9 and 0 occur with equal probability is obtained 
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by considering a weighted averaging overall orientations. 

— —— 2 n n 

<£(2t)> = / / £ (2 1) sin© d© dj# .. (ill. 13) 

o o 

The integral in the above equation (III. 13) can be evalu- 
ated numerically on a digital computer to simulate ZSEEM patterns 
from polycrystalline specimens. 

I I I . D EXPERIME NTAL STUDY OF ZSEBM FROM SPIN 3/2 P OWDE R SAMPLES 
USIN G TWO PULSE ECHO METHOD 

The microprocessor-controlled pulsed NQR spectrometer [19] 

3 S 

described in Chapter II has been employed to investigate Cl 
ZSEEM patterns in polycrystalline specimens of KClO^, HgCl^ ( two 
sites)/ SbCl-j (two sites) in order to explore the possibility of 
determining n. All the experimental investigations were carried 
out at room temperature. The external fields (H^ and H q ) were 
oriented In a parallel configuration in all the experiments and 
the pjul se sequence used was a (tt/2- t- 71) sequence . The static 
Zeeman field was produced by a Helmholt 2 coil arrangement, which 
was energized using a regulated power supply (Model 726AR, Hewlett- 
Packard, USA) . The magnetic field (H o ) produced by the Helmholtz 
coil for a given current was measured and calibrated by a low 
field EPR set-rup Alfa Model AL-55 (Alfa Laboratories, USA) 
using DPPH signal. For the purpose of r.f. power amplification 
we have used an ENI (Electronic Navigation industries, Inc.) 
power amplifier to drive the final stage of the home-made tuned 
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power amplifier j_18J. This combination gives an overall power 

ifO 

output of -800 wat 4 a. For automatic processing of ZSEEM patterns 
we have developed several methods (see section II. E (3) of 
chapter II) , cut of which we have used method III (see section 
II.E(3) for details) for recording all the ZSEEM patterns pre- 
sented in this section, in this method the complete echo is 
acquired and averaged over a desired number of transients 
(25 transients in all the recordings presented here) by the 
signal analyzer for a given initial value of t and then transferr- 
ed to the mini floppy disc. Next/ the T is incremented by the 
microprocessor and the corresponding echo is captured. In this 
way nearly hundred echoes are stored in the floppy for different 
T values . These echoes are then processed Off-line Ijy the utili- 
zation of BASIC language programming facility of the signal 
analyzer to obtain ZSEEM patterns. We have recorded ZSEEM 
spectra for the compounds mentioned above at various Zeeman 

field values ranging from 6 to 20 Gauss. The ZSEEM spectra 

38 

obtained from Cl in KC10 3 at three different Zeeman field 
values are presented in Figs. 111.4(a) to 111.4(c). The number 
of modulation peaks in the pattern clearly increases as the 
Zeeman field increases. Even at very small fields (6 Gauss the 
modulation peaks could be easily resolved in the ZSEEM spectra. 
These patterns agree well with the corresponding theoretically 
simulated ZSEEM patterns for the case of V = o and also with the 
experimental ZSEEM obtained earlier for this compound [15]. 

Figs. 111.5(a) to 111.5(c) show our experimental ZSEEM patterns 

, Hi 'mi'*' ' IS.' : 
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X (psec) 

Fig. III-4 (a) Experimental Z5EEM pattern trom 35 Cl in powdered sample of 
KCIO3 (0l> o =28-0948 MHz) with a magnetic field of 6-5 Gauss 
obtained from a series of two pulse experiments. 


Echo Amplitude (arbitrary units) 
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F ig-1 11*4 (b) Same as in Fig. III-4(a) with a magnetic field of ~ 13 Gauss. j 

' ■ 1 

! 

i 

: '■ ■ | 



Echo Amplitude (arbitrary units) 
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FigIII-4(c) Same as in Fig.IIl-4(a) with magnetic field of ~19-5 Gauss. 




Echo Amplitude (arbitrary units) 
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Fig.III.5(a) Experimental ZSEEM pattern trom35ci in powdered 

sample of HgCl2 (site I ,oo 0 = 22-0599 MHz) with a mag- 
netic field of ^9-75 Gauss obtained from a series of 
two pulse experiments. 




90 238 386 534 682 830 978 1126 1200 


X (p sec) 

Fig.III>5(b) Same as in Fig. 111.5(a) with a magnetic field of c^13 
Gauss. 




Echo Amplitude (arbitrary units) 
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Fig. 111.5(c) Same as in Fig. 111.5(a) with a magnetic field of ^16-25 
Gauss. 
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3 5 

obtained for the cl nuclei in HgC^ at three different magne- 
tic fields (in the range 10-20 Gauss) for the site I, while 
Figs. 111.6(a) to 111.6(c) show ZSEEM spectra for ^-*01 (site II) 
in this compound with the same magnetic field values. It is 

pertinent to mention here that V values ranging from 0.08 to 0.7 
3 5 

for the two Cl sites have been reported from powder studies in 
the literature for this compound. From comparison of the ZSEEM 
patterns recorded using our microprocessor-controlled pulsed NQR 
spectrometer (Figs. 111.5(c) and 111.6(c)) with the theoretically 
simulated ones at the corresponding static magnetic field values 
[l5) it is apparent that the T) values for the two ^Cl sites in 
HgCl^ lie very close to zero. This is in agreement with the 
conclusions drawn by earlier investigators of our laboratory 
[5, 15] and also with the work of Lucken and coworkers [23]. 

We have also investigated the ZSEEM patterns for the two 

3 5 

Cl sites in SbCl^. Figs. 111.7(a) to 111.7(c) present the 

experimental ZSEEM spectra for site I and Figs. 111.8(a) to 

111.8(c) present the ZSEEM spectra for site II at three Zeeman 

field values ranging from 30-20 Gauss. It is clearly reflected 

35 

in these patterns that the two Cl sites in this compound have 
different asymmetry parameter values. The ZSEEM patterns of 
site I show the typical oscillatory decay for an - 0 case 
whereas the ZSEEM spectra for site II show clearly the decay 
pattern behaviour corresponding to non-zero V value (Figs. 
111.8(a) to 111.8(c)). Our experimental ZSEEM pattern for this 
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Fig.III.6(a) Experimental ZSEEM pattern from 35 Cl in powdered 

sample of HgCl2 (site II 5 U) 0 = 22-2389 MHz) with a mag- 
netic field of -9-75 Gauss obtained from a series of 
two pulse experiments. 
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Fig. 111.6(c) Same as in Fig. 111.6(a) with a magnetic field of 
c^16-25 Gauss. 




T(jjsec) 

Fig. 111.7(a) Experimental ZSEEM pattern from 35 q -, n powdered 
sample of SbCl3 (site I ; co o =20*4015MHz) with a mag- 
netic field of ~ 9-75 Gauss obtained from a series of 
two pulse experiments. 




T (jusec) 

Fig,III.7(b) Same as in Fig. III. 7(a) with a magnetic field of £^13 
Gauss. 
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ca 16*25 Gauss. 


i 



( jj sec) 

Fig. 111.8(a) Experimental ZSEEM pattern from ^Cl in powdered 

sample of SbCl3 (site II -,( j 0 o = 19 -17 13 MHz) with a mag- 
netic field of oi 9-75 Gauss obtained from a series of 
two pulse experiments. 


90 238 386 534 682 830 978 1126 1200 

T(>Jsec) 

Fig. El. 8(b) Same as in Fig. 111.8(a) with a magnetic -field of ~13 
Gauss. 





90 158 226 294 362 430 498 566 600 

T(jusec) 

Rg.III.8(c) Same as in Fig. Ill 8(a) with a magnetic field of ~ 19-50 
Gauss. 
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site recorded at -19.5 Gauss shows a good agreement with the 
theoretically simulated pattern [l.5j for T|= 0.15 with the inclu- 
sion of exponential damping pre-factors in the expression for 
®(2t) (see Pig. 9(b) of reference [l5 j) . Ramachandran and 
Harasimhan [l5] incorporated two exponential damping factors 
and T 2 1 to account for the overall ^C1 ZSEEM signal decay from 
site II in SbCl^- The time constant T 3 was incorporated to take 
into account the general exponential decay of the echo signal 
while T 2 1 was incorporated by them to account for the additional 
much faster decay of the modulations on the echo envelope, as a 
function of f, relative to the echo itself. They optimized the 
values of T 2 and T 2 1 to obtain visual agreement between their 
theoretical and experimental patterns [15 ] . A comparison of our 

present experimental ZSEEM pattern with their theoretical pattern 

3 5 

confirms the value of , n = 0.15 for the second site of Cl in 

SbCl 3 - 

Our experimental study on polycrystalline samples using 
the microprocessor-controlled pulsed NQR spectrometer suggests 
that the two-pulse ZSEEM method is suitable for obtaining 
values from polycrystalline samples, since these patterns are 
highly sensitive to the V value. The automation introduced by 
the microprocessor control has considerably increased the ease 
of performing the ZSEEM experiment in a much shorter time 
compared to unautomated systems [l9j thus removing one of the 
important bottlenecks in the use of the ZSEEM technique in NQR 


spectroscopy . 
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As we have seen so far, obtaining ZSEEM using conventional 
two-pulse method involves the measurement of echo amplitude as 
a function of T in a series of experiments. in the next section 
(section III.E) we present a new method of obtaining ZSEEM in a 
single experiment. The method is based on extended time prepara- 
tion of the spin system using weak r.f. perturbation. 

m.E EXTENDED TIME EXCITATION TECHNIQUE FOR OBTAINING ECHO 
ENVELOPE MOD ULATION 

III.E(l) Int roduction 

Usually the entire spin echo envelope modulation is obtain- 
ed by a point-by-point measurement of the echo maximum amplitude 
as a function of the pulse separation ( T) in a sequence of two- 
pulse experiments. The measurement of echo-envelope modulation 
by this method is, therefore, tedious and time consuming [l5j, 
unless one has automated the complete experiment [l9j. 

Recently, Schweiger et al. [24] have reported an alterna- 
tive approach which permitted them to obtain the entire electron 
spin echo-envelope modulation in a single experiment using 
extended time excitation. This experiment provides a continuous 
refocusing of interactions of the spin system. Extended time 
excitation experiments used for the purpose of information 
storage have been discussed previously in the literature [2 5-3 1 ] . 
Fernbach and Proctor [25] first showed in their paper on "Spin- 
echo memory device" that an applied sequence of events can be 
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recalled by means of a short powerful 'reading pulse*. They 
have subjected a proton rich sample placed in a strong inhomoge- 
neous magnetic field to a pattern of relatively weak r.f. pulses 
(sentences of pulses with varying amplitudes) at the Larmor fre- 
quency. The pattern was then recalled by applying a strong r.f. 
pulse at a latter time a.s in the spin-echo technique. They have 
also showed mathematically that such a series of pulses, varying 
in amplitude can be "memorized" by the spin-system of protons for 
times much larger than . The corresponding information storage 
effects have also been described recently in coherent optics 
[28-31 ]. In these experiments it was shown that a complex laser 
pulse-shape information can be stored in and recalled from the 
'spectral distribution of the population in one terminal level* 
of an inhomogeneously broadened optical transition [3l] . In 
contrast to these investigations Schweiger et al. [24] have 
employed the technique to map interactions inherent within the 
spin system itself. Instead of applying an initial n/2 pulse 
(P^) followed by a n -refocusing pulse (P^) (see Pig. 111.9(a)), 
Schweiger et al . [24 j have excited the system by a low-level 

irradiation V(t) for an extended time T prior to the refocusing 

c 

pulse (Fig. 111.9(b)). In the linear response approximation, 
each time interval within the excitation period causes an 
echo in the corresponding time interval in symmetric position 
after the H-pulse [24] (time reversal occurs) . The super- 
position of all these echoes leads then to a continuous echo 



(a) 



Fig. 1II.9 (a)Conventional two-pulse SEEM experiment where the 

echo amplitude is measured pointwise by stepping up I 
X from experiment to experiment, (b) Extended time | 
excitation experiment with soft-pulse excitation follow-^ 
ed by a strong refocussing TT-pulse producing the 
entire echo envelope modulation in a single experi- 
ment. ! 


flip angle pulses. Schweiger et al. have shown from "their 
experimental studies on electron spin-echo spectroscopy that 
all the tnree methods yield spin-echo envelope modulation. 

We have investigated the possibility of obtaining ZSEEM 
patterns in NQR spectroscopy using the extended time excitation 
method. We have chosen to investigate the Zeeman perturbed 
nuclear quadrupole spin system (i = 3/2) using a soft- pulse 
excitation followed by a strong 71 -pulse for refocusing. Our 
results are presented in the following section (section III.E(2)). 

1 1 1 . E ( 2 ) Experimental Study on Extended T i me Excitation in N QR 
of Spin 1=3/2 Powder Samples to Obtain ZSEEM 

The microprocessor-controlled pulsed NQR spectrometer 
has been utilized for this experiment. The r.f. gating scheme 
used is shown in Fig. III. 10. The timing signals generated by 
the microprocessor system, for the purpose of r.f. gating are 
shown in Fig. III. 11. For r.f. power amplification, we have 
used an ESI (Electronic Navigation Industries, Inc.) model A30O 
power amplifier to drive the final stage of the home-made tuned 
power amplifier [18]. This combination gives a stable r.f. pulse 
power of -800 watts for the hard Tt- pulse (£50 M sec) and -the soft 
pulse power is controlled by reducing the input to the power 
amplifier using an attenuator in the r.f. gating scheme Csee 
Fig. III. 10). The output of the power amplifier is coupled 
to the sample probe and the response of the sample is amplified 



210 



Fig.III.10 RF Gating scheme for soft-pulse based extended time excitation experiment. 
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Fig. III. 11 Timing singnals required for the RF gating scheme for soft-pul 
excitation experiment. 
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and detected. Sufficient care has been taken to blank the 
receiver during the long soft-pulse excitation period and the 
subsequent xi-pulse . We have inf act used a cascade of two gates 
for this purpose. Even after the use of such a scheme, a delay 
of 100 fd sec following the n-pulse had to be given before acquir- 
ing the response. This was mainly because of overloading of the 
receiver for long periods by the extended time preparation pulse. 
Receiver ouput which is the response of the soft-pulse has been 
acquired into the signal analyzer (SM-2100B, from Iwatsu Electric 
Co. Ltd., Tokyo, Japan), it should be mentioned here that the 
amplitude of the soft pulse response in the case of electron 
spin echo modulation [24] is about ten percent of the Hahn two- 
puse echo. Using this as a guide we have coherently averaged 
the soft pulse responses over hundred repetitions to improve 
S/M ratio. The complete soft pulse excitation experiment takes 
less than half a minute as compared to -20 rats, for the two- 
pulse experiment with the present spectrometer system. 

The response to soft-pulse excitation followed by a 

O C 

n-pulse from Cl in a powdered sample of KC10 3 with a magnetic 

field of 9.75 Gauss, applied parallel to is shown in Fig. 

III. 12. As has been mentioned earlier, if one prepares the 

system for a duration 1 by using extended time excitation then 

° 4 

one obtains ZSEEM only for a period i Q after the refocusing 
71 — pulse • Unless otherwise mentioned in all our experiments we 
have prepared the system for a period = 1200 p, sec using soft- 
pulse excitation. The response hits therefore been recorded for 
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1200 Msec after the 7i-pulse with an initial delay of 100 Msec. 

The 7i-pulse length used has been chosen to be same as that which 
gives maximum echo signal (maximum refocusing) in powdered sample 
(see section I.o(2)). The ^ci site in KClO^ has an asymmetry 
parameter value of zero. A closer look at the ZSEEM obtained from 
soft-pulse excitation experiment (Pig. III. 12) shows that the 
latter portion of the response starting from 350 M sec from the 
7i-pulse agrees well with the ZSEEM obtained from the conventional 
two-pulse method (Fig. III. 13) at the same magnetic field value. 
The modulation period ( 140 Msec) calculated from the latter 
portion of the soft-pulse excitation response is in agreement with 
that obtained from the conventional two-pulse method. This obser- 
vation confirms the possibility of obtaining Zeeman perturbed 
SEEM patterns in NQR from powder samples using the extended time 
excitation method. Further confirmation is obtained from a 
comparison of ZSSEM patterns shown in Figs. III. 14 and III. 15 
recorded with a magnetic field of -13 Gauss by the two methods. 

The nature of the signal obtained immediately following the 
Jt-pulse in the case of the soft excitation method is different 
from that obtained for short x values in the case of the two- 
pulse method and the reason for this lies in the magnitude of T 2 * 
for the NQR powder sample used in the study. This aspect of the 
problem will be discussed later (see III.E(3)). For the present 
we may note that the response after a period of 350 M sec follow- 
ing the 71— pulse is in agreement with the result of the two— pulse 




Fig. III.12 Response of soft-pulse excitation from 35a in powdered sample of 
KCIO3 {od o =28-0948 MHz) with a magnetic field of ~ 9-75 Gauss. 



215 



Fig. 111.13 ZSEEM pattern obtained from 35 q in powdered sample of 
KCIO 3 (Ca) o =28-0948MHz) with a magnetic field of ~ 975 
Gauss obtained from a sequence of basic two pulse 
experiments. 




Signal Amplitude (arbitrary units) 
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Fig.III.14 Response of soft pulse excitation from 35ct in powdered sample of 
KOO3 (co 0 =28-0948MHz) with a magnetic field of 13 Gauss. 
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FiaIII.15 2SEEM pattern obtained from 35 q i n powdered sample 
of KCIO3 (cu o =28-0948MHz) with a magnetic field ~13 
Gauss obtained from a sequence of basic two pulse exp- 
eriments. 


t 
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method for this compound. 

A factor which is crucial for getting reliable ZSEEM patterns 
by soft— pulse excitation is the soft— pulse power. In order to 
optimize the response we have performed the experiments as a 
function of soft-pulse power ranging from 5 to 25 watts. The 
results of this study on cl in powdered KClO^ for a magnetic 
field value of 9.15 Gauss are shox-rn in Figs. III. 16 to III. 21. 

The total transmitter power for the tt - refocusing pulse in all 
these recordings has been kept constant at ^800 watts. It is seen 
from these results that as the soft-pulse power is increased the 
response improves but at higher power values the modulations tend 
to be smoothened out. For a. soft- pulse power of about 13 watts a 
clear and undistorted ZSEEM pattern (Fig. III. 18) is obtained. 

From the present study it is evident that one can obtain 
ZSEEM by means of the extended excitation method provided the 
linear regime is maintained for the soft-pulse. This was indeed 
the observation of Schweiger et al. [24J in electron spin-echo 

spectroscopy. 

* 

With a view to extend the soft-pulse based ZSEEM experiment 
to other compounds with non-zero asymmetry parameter, we have 
studied the 19.1713 MHz transition (site II) of Cl in Sbci 3 . 

The responses (ZSEEM) to soft- pulse followed by a K-pulse from 
35 C1 in pox^dered sample of SbCl 3 for the above-mentioned _ site 
were studied at various magnetic field values in the range of 



Signal Amplitude (arbitrary units) 
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Firne <psec) 

Fig.III.16 Response of soft- pulse excite! ion trommel in powdered sample 
of KCIO3 [oi) 0 =2%- 0948M Hz) \Nith a magnetic field ad 975 Gauss 
and a soft-pulse pov/er of ^ 5 Watts. 




Fig.III.17 Same as in Fig. III. 16, but with a soft-pulse power of 7-5 
Watts. 
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Fig.III.18. Same as in Fig.lH.16, but with a soft-pulse power of ~13 Watts. 
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Fig.IlI.21 Same as In Fig. III. 16, but with a soft-pulse power of <^25 Watts. 
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3 to 20 Gauss. The- ZSEEM spectra, so obtained are presented in 
Pi(jc. 111.22(a) to 111.22(c). it should be mentioned that the 
•/r,]uc of I 1 ^ J ~ or this compound is short and hence the modulations 
on the echo envelope die off faster. We have, therefore, studied 
tlie soft- pulse response in this compound for a duration of 675 ju, sec 
only. Since we have reduced the length of the soft— pulse, the 
receive!, dead time has also been decreased and the response could 
therefore be acquired with a delay of only 50 sec from the 71— pulse. 
Except for the initial period of -150 /isec, these responses agree 
with those recorded for this site at corresponding magnetic field 
values by the two-pulse method (see Figs. 111.8(a) to 111.8(c)). 

The responses clearly show the decay patterns corresponding to a. 
non-zero V value for this site in SbCl 3 . It is also interesting 
to note that excluding the initial 150 ji sec, the pattern shown in 
Fig. Ill .22(c) agrees well with the pattern simulated theoretic- 
ally by Ramachandran and Narasimhan [l5j (see Fig. 9(b) of this 
reference) at approximately the same magnetic field with a value 
of V of 0.15. We thus see clearly the feasibility of obtaining 
T] values for spin 3/2 case from the ZSEEM patterns obtained by the 
soft-pulse excitation method for powder specimens. 

1 1 1 . E ( 3 ) A Compar ative Study of the Two Meth o ds of Obtain ing 
ZSEEM From Powder Sample s 

The results of soft-pulse excitation presented in the 
previous section (section III.E(2)) are quite encouraging and 
informative . However, it is cleat from a comparison of the 
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3.11122(b) Same as in Fig. Ill 22(a), but with a magnetic field ~ 13 Gauss. 
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initial portion of the experimental ZSEEM obtained from the two- 
jiulse method and th " 1 extended time excitation method that the 
response from soft-pulse excitation is quite intense for ^50 ft sec 
in the case of KCIC 3 and ^150 ju sec in the case of SbC^. In these 
regions there is no one-to-one correspondence between the patterns 
obtained from the two methods. It should be mentioned here that 
such a dirf erence has not been observed by Schweiger and coworkers 
[24 j in the case of electron spin-echo envelope modulation (ESEEM) 
spectroscopy.. 

In our view the following may be responsible for this diffe- 
rence; (i) the TT-pulse applied in our studies may not be a “hard 11 
rt-pulse wi th the result the origin of the time reversal is not 
well-defined. This would result in a smearing and low-pass filter- 
ing of the modulation patterns [34] . This factor, however, does 
not seem to be affecting the soft-pulse response in our experi- 
ments because the modulation patterns in the long time (large t) 
region are in agreement with those from the two-pulse method. 
Further investigation of this point needs increased r.f. power 
capabilities in our spectrometer system. 

The second and main factor which we feel is responsible for 
the observed difference between the soft-pulse excitation response 
and the one from the two-pulse method is that the 7i-pulse may not 
be properly refocusing the interactions after the sample has been 
prepared by the soft-pulse excitation on account of the random 
orientation of efg axes in powder samples. That part of the 
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magnetization which is not refocused remanant magnetization; may 

be responsible for the large initial signal which decays with a 

shorter time constant (? * ) compared to the echo decay time cons- 

2 

tent (TV. ) - 

z 

Although the use of single crystals would improve matters 
concerning the proper definition of the n-pulse with respect to 
the principal efg axes, inhomogeneities (if present) could 
still contribute to the deviation in the pulse angle over diffe- 
rent regions in the sample. Since we are interested in the deter 
mination of asymmetry parameter of the efg tensor in powder 
specimens containing spin 3/2 nuclei we shall concern ourselves 
here with the evaluation of the applicability of the extended 
excitation technique for powder samples. In this context we 
investigated the use of a composite 7t -refocusing pulse in con- 
juction x^ith the soft excitation pulse hoping that this would 
reduce the deviation from the 180° rotation angle experienced by 
various crystallites. In particular, we employed a composite 
pulse [35 j consisting of three pulses viz., (-| Tt^- tt - j n x ) 
as the refocusing pulse. This pulse did not improve matters in 
our experiments possibly because of the large time duration 
(-120JU, sec) required for the composite jr-pulse itself with our 
present transmitter (R.F. power -800 watts) . As has been pointed 
out earlier in this section, long refocusing pulses are not 
conducive for obtaining clear modulation patterns since the 
origin of the time reversal will not then be well-defined and a 
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low pass filtering action would take place [34]. in order to 
prove the fact that the large initial signal with faster decay 
rate io c-ue to 7i-pulse which is enable to refocus completely the 
magnetisation in powder samples used in our studies, we performed 
a soft- pulse excitation experiment on 35 C1 in powdered KC10 3 with 
H 0 = ^ ^ Gauss and used a delay of 450'ju, sec between the soft- 

pulse and the 71 — pulse. The response was acquired with a delay 
of 100 jj, sec following the If-pulse (Pig. III. 23). The signal so 
obtained indeed contains the initial large signal which decays 
faster (with a time constant T 2 * ) • It is also apparent from the 
figure (III. 23) that the signal after 450 JU, sec following the 
Jt-pulse is due to the soft-pulse excitation response and this 
portion of the response is identical to that shown in Pig. III. 12 
obtained at the same magnetic field (9.75 Gauss) . This clearly 
confirms the fact that the initial fast-decaying large amplitude 
signal is due to "non-echo" response. This signal decays with a 
time constant T^* (^00 Msec in KC10 3 ) and after a. period of 300- 

400jli sec its effect on the response is not significant. Mention 
may be made here of the fact that the echo eve lope modulations 
decay with a time constant T 2 which is of the order of a msec 
in this compound. It is, therefore, seen in our soft-pulse 
excitation experiments that, once the initial high intensity 
signal decays, the ZSEEM pattern is clear and this latter portion 
of the response is in complete agreement with that from the two- 
pulse method (see section III.E(2) ) . Figure III. 23 also shows 
the soft— pulse excitation response (dotted lines) without any 
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magnetic field which clearly shows an unmodulated echo decay 
pattern and also contains an initial fast-decaying large ampli- 
tude signal with characteristic time constant . We may, 
therefoie conclude that the soft-pulse excitation method, as 
applied to powder samples in NQR spectroscopy, is suitable for 
compounds having short 0? 2 * and long 0? 2 values . The ESEEM spectra 
obtained by Schweiger et al . did not show any interference from 
signals due to unrefocused components immediately following the 
7i -pulse. This point could be easily understood in terms of the 
high Zeeman field used in their experiments which provides a 
common •'•xis of quantization for all the spins in the sample and 
the fact that the 180° refocussing pulse is a '"hard" and "clean 1 ’ 
H-pul se . Consequently, the "non-echo" response is practically 
absent in their experiment, unlike the NQR case . Further work 
in the direction of finding out suitable schemes for suppressing 
the uninteresting T 2 * decay signal in powder samples and enhanc- 
ing the ZSEEM intensity in the short T region is in progress in 
our laboratory. 

I I I . E ( 4 ) Conc lusio n 

The extended-time excitation method is a fast and conve- 
nient method of obtaining ZSEEM spectra in NQR Spectroscopy 
compared to the conventional two pulse method. The asymmetry 
parameter T? can be obtained for spin I = 3/2 nuclei by a compari- 
son of soft— pulse response in the longer T region with the 

i, 
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theoretically simulated 2SEEM spectra [l5]. 

.though, we ha^e utilized a microprocessor-controlled 


pulsed NQi? s pec trometer equipped 
experiment, it should be pointed 


with a signal analyzer for this 
out that this experiment could 


also toe performed with unautomated spectrometer systems equipped 
.;ith just (i) a hardware pulse generator capable of generating 


two-pulse sequence, and (ii) a transient recorder or a time 
averager. The soft pulse excitation technique is, therefore, an 
easier alternative way of obtaining ZSEEM and thereby rj . However, 
it should be mentioned that method is limited to compounds having 

short T. * and long T„ values. 


Summ ary 

In this chapter an experimental investigation on the possi- 
bility of evaluating T ) for spin 3/2 powder samples through ZSEEM 
analysis has been undertaken. The experimental investigations 
were carried out using a microprocessor-controlled pulsed NQR 
spectrometer (described in Chapter II) operated in the automatic 
ZSEEM acquisition mode. A brief survey of CW methods of obtain- 
ing n from spin 3/2 powder samples and an introduction to spin- 
echo envelope modulation studies has also been presented. Our 
experimental ZSEEM investigations have clearly revealed the fact 
that it is possible to obtain V values by comparing experimental 
ZSEEM patterns with the patterns obtained from theoretical 
simulation. It has also been demonstrated that automation of 
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tht.~ spectrometer system for carrying out ZSEEM investigations 
using the two— pulse method enormously reduces the experiment time. 
In this chapter w c have also described a new methodology of obtain- 
ing SEEM patterns using extended-time excitation technique and 
implemented the technique for the first time to study ZSEEM of 
powder samples containing spin 3/2 nuclei. It has been pointed 
out that the method is suitable for compounds having short T^* 
and long f 2 values. 

In the next chapter our experimental investigation on respon- 
ses to various multiple-pulse sequences of spin I = 3/2 in powder 

samples will be presented. 



236 


REFERENCES 

[l] (a) T.P. Dhs and E.L. Hahn, "Nuclear Quadrupole Resonance 

Spectroscopy, " Solid State Physics, Supplement 1, 

Academic Press, New York (1958). 

(b) '• » A . w . Lucken, Nuclear Quadrupole Coupling Constants," 
Academic Press, New York (1969). 

[2 j C. Doan, Phys . Rev., 96, 1053 (1954). 

[3] Y. Korino and M. Toyama, J. Chem. Phys., 35, 1289 (1961). 

[4] K.V. Raman and P.T. Narasimhan, Pure appl. Chem., 32 , 271 

(1972). 

[5] V. Harihara Subramanian and P.T. Narasimhan, J. Molec. Struct., 
58, 193 (1980) and references cited therein. 

[ 6 j F. J. Adrian, J. Chem. Phys., 38, 1258 (1963) . 

[7] H.R. Brooker and R.B. Creel, J. Chem. Phys., 61, 3658 (1974). 

[8J J. Dnrville, A. Gerard and M.T. Calende, J. Magn . Re son . , 

16, 205 (1974). 

[9] E.L. Hahn and D.E. Maxwell, Phys. Rev., 88, 1070 (1952). 

[10] L.G. Rowan, E.L. Hahn and W.B. Mims, Phys. Rev., 137, 61 

(1965) . 

[11] V.F. Yudanov, A.M. Raitsmirov and Yu. D. Tsvetkov, Teor. 

Experim. Khim. Akad . Nauk Ukr . SSR, 4, 520 ( 1968) . 

[12] D. Grischkowsky and S.R. Hartmann, Phys. Rev., B2, 60 (1970). 

[13] Yu. E. Sapozhnikov and. Ya. B. Yasman, Bull. Acad. Sci. USSR, 
Phys. Ser . , 4_2, 210 (1978). 

[14] W.B. Mims, Phys. Rev., B5, 2409 (1972). 

[15 ] R. Ramachandran and P.T. Narasimhan, Molec. Phys., 48, 267 

(1983) . 



[ 16 ] 

r* „ . *1 

C 1 7 J 
[ 18 ] 

[ 19 ] 

[ 20 ] 

[ 21 ] 

[ 22 ] 

[ 23 ] 

[24] 

[25] 

[26 j 

[ 27 ] 

[ 28 ] 

[29] 

[30] 


■'.L. Ainoinder, V.S. Grechishkin, A.D. Gordeev and A.S. 
Osipenko, Sov. Phys . Solid State, 10, 1592 (1969) . 

D * ij * Zakirov and I .A. Safin, j. Molec. Struct., 83, 253 

( 1982 ). 

Ranvicnandran and P.T. Narasimhan, j. Phys. Es Sci. 

I n s trurr. . , 16, 643 (1983). 

I irciiv.ha Reddy, A run Bhavsar and P.T. Narasimhan, Z. Natur- 
forsch. , 4 1a , 449 (1986). 

D.E. Woessner and H.S. Gutowsky, J. chem. Phys., 39_, 440 

( 1963 ). 

M. Toyama, J. Phys. Soc. Japan, 14, 1727 (1959). 

J.C. Pratt, Molec. Phys . , 34, 539 (1977) . 

S. Sengupta, D. Giezendanner and E.A.C. Lucken, j. Magn. 
Reson., 38, 553 (1980) . 

A. Schweiger, L. Braunschweiler, J.M. Pauth and r.r. Ernst, 
Phys . Rev. Lett., 54, 1241 (1985) . 

S. Fernbach and W.G. Proctor, J. Appl. Phys., 26, 170 

(1955) . 

P. Mansfield, A. A. Mauds ley, P.G. Morris and I.L. Pyckett, 

J. Magn. Roson., 33, 261 (1979) . 

D.P* Moult, J. Magn. Reson. , 35/ 69 (1979) . ' 

S. O. Elyutin, S.M. Zakharov and E.A. Manykin, Zh. Eksp. 

Teor. Fiz., 76, 835 (1979) [Sov. Phys. JETP, 49, 421 

( 1979 ) ]. 

V.A. Zuikov, V.V. Samartsev and R.G . Usmannov, Pis'ma Zh. 
Eksp. Teor. Fiz., 32 , 29 3 (1980) [JETP Lett., 32_, 270 

(1980) ]. 

N. W. Carlson, L.J. Rothberg, A.G. Yodh, W.R. Babbitt and 

T. W. Moss berg. Opt. Lett*, 8, 483 (1983) . 



[31j 


238 


[32] 

[.33] 

[ 34 ] 

[35] 


Cor Ison 


/ 1 


1-h 


Rev., A30, 1572 (1984). 


ei/ '" T - R * Babbitt and T.w. Mossberg, 


I;. K evan, y.K. Bowman, F.A. Narayana, K.K. Boeokman, v.F. 
-•< ii<v ani y.D. Tsvetkov, j. chem. Phys., 63, 409 (1975), 
h.:,-. Macf ari ane, ?..K. Shelby and H . L . shoemaker , phy . ReV| 
Lott., 43 , 1726 (1979). 


1 * 1 raunschweiler, j.- M . Pauth/ ^ 
,J * R^son., 64, 160 (1985). 

R - freeman, S.P. Kempsell and m.H. 

38, 453 (1980) . 


Schweiger and R.R. Ernst, 
Levitt, j. Magn. Re son.. 



CHAPTER IV 


MULTIPLE-PULSE RESPONSES IN 
NQR SPECTROSCOPY : AN EXPERIMENTAL 
STUDY ON POWDER SAMPLES CONTAINING 
SPIN I = 3/2 NUCLEI 
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Thio chapter deals with experimental investigations of 
mul ti pie- pulse responses from 35 ci (I = 3/2) in polycrystalline 
samples- Section IV. A presents a survey of earlier investiga- 
tions in the area of multiple-pulse NQR spectroscopy. Section 
IV. 0 gives a detailed discussion of our experimental results 
on responses from spin— 3/2 systems in powdered samples to 
various multiple— pulse sequences and conclusions derived there- 
from. 

IV.A MULTIPLE-PULSE STUDIES IN NQR: A SURVEY 

In NMR of solids, the response of I = l/2 spin systems to 
various multiple-pulse sequences has been well-studied, and 
sequences for suppressing the dipolar broadening to obtain high 
resolution NMR spectra in the solid state are now well-estab- 
lished [lj. Similar experiments carried out in pure quadrupole 
resonance in the time scales of the order of transverse relaxa- 
tion times would show how the various factors contributing to 
the NQR line width respond to strong pulsed r.f . field pertur- 
bations, and would indicate pulse sequence characteristics that 
would lead to narrowing of NQR line widths. Such line narrow- 
ing experiments are expected to yield valuable information on 
the interactions leading to fine structure of NQR lines. Unlike 
NMR there are very few studies in NQR in the direction of theore- 
tical and experimental investigations with multiple-pulse sequen- 
Further, we have noticed that in NQR spectroscopy the 


ces 
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major It/ of investigations on multiple-pulse responses have been 
carried out on spin 1 = 1 systems and very little work has been 
carried out on I j> 3/ 2 systems* To the best of our knowledge 
there is only one experimental investigation reported in the 
literature [2] concerning multiple pulse spin-locking in pure 
NQR spectroscopy of spin I £ 3/2 systems* This study examined 
the spin— locking effect under the influence of Carr- Purcell— 

Ma i boom— G ill (CPMG) sequence [3 J ♦ In this chapter we present 
the results of our experimental investigations on responses to 
a variety of multiple-pulse sequences of spin 1=3/2 powder 
samples. 

We shall first review the available literature on multi- 
ple-pulse NQR spectroscopy. The first experimental observation 
of multiple-pulse responses in NQR spectroscopy was due to 
Marino and Klainer [4]. Their study has been on the y_ transi- 
tion (0 $-1) of (I = l) nuclei in a powdered sample of NaNC^ 

using the Os troff -Waugh (0W) sequence [5]. Surprisingly, their 
results were analogous to those observed in nuclear magnetic 
resonance (NMR) by Os troff and Waugh [5], and by Mansfield and 
Ware [6j though the systems studied in both the cases were 
entirely different. Marino and Klainer have reported that 
the persistence of the echo train for times much larger than T^ 
took place (i) when t <T 2 , where t is the time spacing between 
the first two pulses of the exci ta.tion sequence , and ( i x ) when 
the Carr-Purcell (CP) sequence [7] is modified in the following 
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two ways! all the pulses are 90° pulses .and the first pulse is 
phase shifted by 90° with respect to all the others (i.e. Ostroff- 
Waugh sequence). Under these conditions the spin-echo train 
decays much slower than the usual spin-echo decay. The echo 
decay process under the influence of spin-locking sequence is 
characterized by a time constant, , which is much longer than 
^2 * ^2 f ec tive relaxation time T 0 ^ becomes strongly 

dependent on t . Marino and Klainer have also shown that when 
Tg < '^2i, ^ ^sta fit very well by the relation T 2 g ^ T 

supporting strongly the observation of pulsed spin-locking effect 
in pure quadrupole resonance. One would, therefore, expect that 
for T *♦ 0 one would obtain T 2f T lP' s Pi n "l at, ti ce relaxation 

in the rotating frame and infact Marino and Klainer [4] have 
observed the echo train which persisted for several seconds even 
though the spin-spin relaxation time T 2 .measured by the 
90°~t-180° method is only 3.4 x 10~ 3 sec in NaN02 for the obser- 
ved transition. These authors pointed out that this observation 

promises to improve substantially the effective sensitivity of 

1 4 

N NQR by coherently adding the individual echoes within a 

spin-locked spin-echo sequence. 

The next experimental investigation in the area of multi- 
ple-pulse NQR is that of Osokin [8-10], who utilized phase alter- 
nated multiple-pulse sequence [PAPS], and also the spin-locking 
sequences of CPMG and OW* He showed in the case of spin— 1 
systems that the echo decay time constant under the 
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action of the above pulse sequences could be enhanced consider- 
ably. He found that the decay time constant of multiple echoes 
is greatly enhanced when the following cycles are used [18], 

1) FA PS* 

®l(x) - b-e 2 (- x )-2T-6 2(x) - T ] n 

2) Spin- locking sequence * 

i.o., e 1 (x) -[T-e 2 (y) -T] n . 


Lis experimental results showed that the decay time constant 
equals in the order of magnitude to the spin— lattice relaxation 
time (Tj) • For example, in the case of me thyl amine - 1 sec 

at / / K and the decay time constant obtained was -0.5 sec. in 
polycry stall inti sodium nitrite I, - 12 sec and the measured 
decay time constant from these experiments was about 10 sec. 
Thus, from the correlation between the decay time constants and 
the values, Osokin concluded that molecular motions are 
responsible for the decay of the spin-echo envelope and that all 
other sources of line broadening averaged out and hence have no 
Influence on the evolution of the spin system during the applica^ 


tion of multipulse sequences mentioned above. In addition, it 
was also noticed by him that the decay time constant, T 2£/ 
depends on the cycle pulse width « 2 . ' In methylamine T 2£ 


increased by a factor of about 1.5 as the pulse width was 



(i.e. when all the pulses 


decreased from Q 


are made equal to 


244 


The third experimental group in the area, of multiple— pulse 
NQR is that of Ainbinder et al. [2]. They have performed spin- 
locking experiments on 35 ci (1 = 3/2) and 123 sb (1 = 7 / 2 ) in 
polycrystalline samples using CPMG sequence and confirmed the 
quasi-equilibrium character of the magnetization decay under 
spin-lockea conditions (i.e. signal decay was observed with a 
time constant T2g » T2) . They have also studied the dependence 
*^ 2 £ on an< ^ observed that T2g increases as 1 is decreased 
but always remains smaller than t d . 

JL H 

Ermakov and Osokin [ 11 j have also used the WAHUHA 4 -pulse 
sequence which causes selective averaging of homonuclear dipolar 
interactions in NMR of solids. They studied the NQR of 14 n 
nuclei (I « 1 ) in a single crystal sample of NaNC^. In order 
to examine the effect of WAHUHA sequence they used different 
preparatory pulses to obtain the time dependence of the NQR 
spin echo intensity. The experiment gave the fast decay of the 
observed signal on the time of the order of T 2 indicating that 
none of the Interactions could be averaged in this experiment. 

Let us now consider various theoretical frame works that 
have been proposed to interpret the experimental results des- 
cribed above, in the area of multiple-pulse NQR. 

A theoretical interpretation for the experimental results 
of Marino and Klainer has been given by Cantor and Waugh [ 12 ]. 

It is appropriate to point-out that in NMR spectroscopy the time 
dependence of the observed magnetization (in short time periods) 
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in the Ostroff-Waugh experiment has been explained using the 
average Haird ltonian theory [l, 13 J. Various approximation methods 
[l4j one r»pin temperature concepts [ 15 J have been used to explain 

the ] onc4~term behavior. 

Coming now to NQR of powder samples the effective 
pulse angle will not be 90° for all spins, but will vary from 
one crystallite to the other depending on the relative orienta- 
tion of the quadrupole principal axis system and the r.f. field 
direction. The Hamiltonian under the action of OW seguence is 
therefore not cyclic (i.e. in the appropriate interaction re- 
presentation it is not periodic in time) and the average-Hamil- 
tonian theory cannot be used for the case of NQR of powder 
samples . A different theoretical approach is thus required to 
explain the pulsed spin-locking effect in the case of NQR. Using 
a model for the polycrystalline sample containing spin-1 nuclei 
Cantor and Waugh [12] have developed a theoretical method to 

follow the evolution of the density matrix. They modelled the 

* 

system as an ensemble of isolated two- spin systems , each system 
randomly oriented with respect to the r.f. field direction, 
depending on the orientation of the crystallite in which it is 
present and also assumed that the quadrupole principal axis 
system for each of the two spins have the same orientation with 
respect to r.f. field direction. It should be noted that the 
time development of the system under the spin-locking (Ostroff- 
Waugh) sequence has been considered using the reduced density 
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]Ui. 1 itative information on short- time behaviour (i.e. 
till.. ffc.c tive spin-locking observed in multiple-pulse NQR) of 
* ' ' ' * , “ L ' understand the long-time behaviour, they have 

a3 ' , ^ ic ‘ 1 a molecular-chaos approximation [l4] to this model 
system, which leads to the conclusion that the characteristic 
dec a, time 1 2 £ increases as the time between the pulses decreases, 
new ever, they have not been able to obtain the functional depen- 
dence of on T * The non-expl i c abil i ty of the long-time beha- 

vior (i.e. the dependence of the magnetization decay time on the 
pulse sequence parameter T) of this two- spin model is not surpri- 
sing because the decay depends intrinsically on the many- spin 
nature characteristic of the real system. 

Recently, Hitrin et al. [18] have developed a theoretical 
frame v/ork for NQR spin 1=1 systems which predicts the observed 
short-time and also the long time behavior in pulsed spin-lock- 
ing experiment of Marino and Klainer [ 4 ]. Their theory is based 
on the canonical transformation technique [ 19 J to obtain the 
solution for the density matrix and these authors used ensemble 
averaging over all the orientations of crystallites to obtain 
the magnetization in powder samples. The long-time behavior 
predicted by their theory depends on the details of the model 
system considered. A three-spin model, for instance, predicts 
that the decay time constant (T 2£ ) is proportional to T 2 and 
a four- spin model predicts t~ 4 dependence. This clearly shows 
that, as the model approaches the real system (many- spin model) 

f .St ■ .. ■ ; : 1 . : .. ; .... . . 
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' ^ r “ long time behavior approaches experimental results 

(t "" dependen ce). They have also studied the effect of off-set 

' Jnf spin “ lattiGO rel a^ation on the evolution of the quasi-steady 

s t a te ma gnetiz a ti on . 

It should be mentioned here that as far as the spin-lock- 
ing sequence of Ostroff and Waugh for NQR systems is concerned 
tne canonical transformation approach of Hitrin et al. 
is suitable only for the case of spin-l NQR systems, where the 
use of spin— l/2 operator formalism could reduce the problem to 
the one with equidistant spectra. It is only recently that 
Ainbinder et al. [20, 21 J have developed a theory for non-equi- 
distant spectra and arbitrary spin by using the method of cano- 
nical transformations and the Krylov-Bogolyubov-Mitropol' skii 
(K-B-M) averaging method [22]. The K-B-M averaging method is appli- 
cable to non* equidistant spectra. Ainbinder et al. [20, 2l] 
have obtained conditions for spin-locking in NQR and have shown 
that in the multiple-pulse sequence represented below; 

90 x - [• t - 8 (x+*l) -On 

Spin-locking occurs for arbitrary Q values when jtf = (2 k+i)7i/2, 
where k is an integer (i.e., k = 0, 1, 2). It should be noted 
that the experiment by Marino and Klainer [4] corresponds to a 
particular case where 0 = n/2 and k= 0. Ainbinder and Furman 
[20] have pointed out that for any spin system with arbitrary 
spin it is possible to choose a pulse sequence that can lead to 
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otate thereby averaging the interactions that 
' **' d ° rj 1 " ii0 spectrum * It should be mentioned here that the 
thf-ruy cue* to Ainbinder et al. is general and is applicable to 
'i: j non equidistant pure quadrupole spin system with arbitrary 
spin value . Ainbinder and Furman [20 ] have proposed from their 
thvory that similar to that in NMR the multiple-pulse action in 
dQR spectroscopy leads to two types of averaging of internal 
interactions which broaden the NQR lines, namely, (i) general 
averarjing and (ii) selective averaging. (i) A pulse sequence 
that Influences right away all the types of interactions regard- 
less of their nature is said to be causing general averaging. 
Examples of sequences causing this averaging are spin-locking 
sequence and phase alternated multiple pulse sequence, (ii) The 
pulse sequences which selectively average particular interactions 
are said to cause “selective averaging" . Unlike NMR, pulse 
sequences causing "selective averaging" have not so far been 
designed in NQR literature. 

Recently Ainbinder et al. [2] have proposed a theory for 
spin-lattice and spin-spin relaxation processes for systems with 
1 >1/2 under the action of multiple-pulse spin-locking sequences . 
The theory is based on the assumption that for times larger than 
T„ after the first pulse of the pulse sequence the decay of mag- 
netization is slow enough to consider it as a quasi-equilibrium 
process <Tj - = WH^)' 1 ). They have verified this 

assumption from their experiments pn Cl (I = 3/2) and 
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rr j r ' :centl V/ Matti Maricq [23] has employed Floquet 
1 ° thc quasi-stationary state and its decay to 

3 ibh in the pulsed spin-locking N'QR experiment. He has 
j'.t ih*,. behavior of the magnetization for t = 1 


i, i+j> u nr 1 qgous to tne NMR case, even though the truncated 

✓ 

di; o.l ar M<amil tonian in the quadrupole rotating frame is not 
the same as the usual truncated dipolar Hamiltonian in the high 
lit.iij rotating frame. He has shown that the quasi— stationary 
magnet l za tion decays slowly to an intermediate equilibrium state 
The reason for this decay stems from the fact that the higher 
order correction terms to the average Hamiltonian mix the indi- 
vidual dipolar baths that constitute the quasi-stationary state 


and the system reaches an equilibrium state. On a longer time 
scale spin-lattice relaxation will of course, equilibrate this 
intermediate state with the lattice and the thermal equilibrium 
is then attained. The theory of Matti Maricq [23] including 
the higher order average-Hamiltonians for dipolar interaction 
predicts a long-time magnetization decay in agreement with 
expet iment [ 4 ]. This theory also provides a comparison to the 
predictions made by the canonical tr ans formation theory of 
Provotorov et al. [18,19]. 


So far we have discussed the theories that have been .. 
developed to explain the results of multiple-pulse spin-locking 
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cxr;e-> i merits. The other multiple-pulse experiment, which has 

teen SUCCeSSfUll y ^P^yed by Csokin [e-10] to achieve general 
;,Ver '^ inC? ° f interactions in spin-1 pure NQR case, is the phase 
alternated multiple pulse sequence. Osokin himself has given a 
theoretical interpretation for these results. He has taken 
advantage of the fact that PAPS is cyclic in NQR and hence 
average Hamiltonian theory can be used to explain the results 
C'i [8-10 j. Using fictitious spin- 1/ 2 operator formalism 

has calculated the average Hamiltonians for various internal 
Interactions and has shown that under the influence of PAPS, 

( i ) the overage Hamiltonian of inhomogeneous broadening, (ii) 
the secular part of the Hamiltonian of the interaction of the 
spin system with torsional oscillations/ and (iii) the average 
Hamiltonian of heteronuclear dipole-dipole interactions commute 
with the initial density matrix P^, prepared by the first (pre- 
paratory) pulse of the sequence. It should be mentioned at this 
point that, any broadening interactions will be suppressed if 
the corresponding average Hamiltonian satisfies the conditions 
[8]A,v * 0 or [A i / = 0. Therefore, he concluded that the 

pulse sequence under consideration (PAPS) removes the contribu- 
tion of all the above mentioned interactions to the line width. 
In subsequent publications [9,10] he has also calculated the 
average Hamiltonian for homonuclear dipole-dipole interaction 
to sec its commutation properties with the initial density 
matrix (P.) prepared by the fifst pulse of PAPS and also to see 
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L ‘ r ' it "' 1 t<!lAs interaction on the response of quadrupolar 
r,] systems under the influence of PAPS. It has been shown 

o- " r avera 9 e Hamiltonian of homonuclear dipole— 

^ ‘ ^ ^ ^ J ion does not commute with P^. However, in the 

interaction representation the Hamiltonian for this interaction 
( ' 1 ^ M * * or.stant term. This implies that the homonuclear 

•*j|f !• -- i] ole interactions transformed by phase alternated multi- 
pulse sequence give rise to a quasi-steady state characteriz- 
ed ’ y i oth the transverse and longitudinal magnetizations. It 
ban ><] s*. Ik cn shown that the ratio of transverse and longitudinal 
magnetizations in the quasi-steady state depends on the 
pulse width 0 2 , but not on the preparatory pulse width e . 
Experimental echo envelope decay in the multiple -pulse responses 
[8-10] shows that the transverse magnetization approaches to a 
non-zero steady- state which confirms the theory. 

Ermakov and Osokin [24] have also calculated the quasi- 

14 

steady state magnetization observed in N multiple-pulse (PAPS) 
experiments. They have used the average Hamiltonian theory to 
study the influence of PAPS by considering a model system contain- 
ing two dipolar coupled equivalent spin-1 nuclei each subjected 
to local efg's. Using the fictitius spin-l/2 operator formalism 
a general method is developed for 'solving the Liouville equation 
lending to results which reproduce the experimentally observed 
quasi ~r. toady state magnetization. The influence of spin-lattice 
relaxation on the time evolution of the quasi-steady state has 
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° iS ° C:f4 ^ idtred fo y Osokin [25]. The rate equation describ- 

in-:- th -v- lut.ion rf quasi-steady state to equilibrium with the 

3 ' ttJc ’ ls obt;jincd using average Hamiltonian theory. The results 

n ’ >^th the experiment. 

To inter Ttet their experimental results from WAHUHA-4 pulse 
scqu«. .)Cv. ei makov and Osokin [ll] have developed a theory in which 
the. system is modelled as two equivalent spins with I = 1. They 
have pointed out that the observation of the quasi— steady state 
in not a feature specific to NQR. There is a close analogy 
between the quasi— steady state and the so-called pedestal observed 
in the* of f-resonancQ WAHUHA experiments in NMR [26/ 27 ] . In both 
the casus the pedestal# or quasi- steady state is caused by the 
terms of the toal Hamiltonian which transform as a first rank 
Li reducible tensor. In the NMR case these are the off-set and 
chemical shift terms. In NQR# apart from the off-set term# the 
secular port of the Hamiltonian of homonuclear dipolar interact- 
ion has parts which transform as first rank tensors. 

It should be mentioned here that the theory of multiple- 
pul yo sequences has been considered earlier by Zueva et al . 

[ 28-32]. They have considered the effectiveness of various 
multiple-pulse sequences for removing contributions to line 
width from inhomogeneous broadening mechanisms [ 30 - 32 ] and also 
from the homogeneous dipolar interactions [ 32 ]. 





L J * ~~' PC ' ,SE Q- Cl^^NTA INING POLYCRYSTALLINE SAMPLES TO 

-i^Ig LE-PULS E ^SEQUENCESi EXPERIMENTAL RESULTS 

At has been pointed out in Section iv.A that the experi- 
.loadii.jj to narrowing of nuclear quadrupole resonance lines 
,u* ox, .•■•tod to reveal fine structure that is masked in generally 
T ° ; v **' ^ ne3 * As 8 fi^st step in this study of line narrow- 

in'j v«t* undertaken multiple-pulse experiments on spin I = 3/2 

: vc. touts . We have employed various multiple— pulse sequences to 
investigate their effect in causing averaging of internal inter- 
actions in polycrystalline samples containing 35 ci (1=3/2) 
nuclei. For this purpose we have considered CP, CPMG, Ostroff- 
Wauqh and phase alternant multiple-pulse sequences (PAPS) . 

Several modifications of some of these sequences have also been 
investigated by us with a view to understand the effect of flip 
angle {05 and phase (/) of the sequence pulses in establishing 
the spin-locked state in powder samples . In order to understand 
the long-time behaviour of the spin system (I = 3/2) under the 
spin-locked state we have investigated the multiple-echo decay 
time constant, Tjg as a function of pulse separation t . The 
effect, of off-set and also the magnetic field have been studied. 
These results on 3 “*Cl nuclei in powdered KClO^ and NaClO^ are 
described in the following sub-sections and critically examined 
in the light of currently available theories on multi pie -pulse 

responses. 


IV . B ( 1 ) Experimental Detail s * 

All our investigations have been carried out at room tempe- 
r»ture unploying the mior^ocesnor-controlled pulsed NOR spectre- 
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nit-iter described in chanter tt «-p 

unapter II of the present thesis. The micro- 
processor software developed for the generation of various multi- 
tlr -pulse sequences employed here has been discussed in Chapter II 
' "• ’H.D). All the multiple-pulse experiments have been 

automated to acquire the responses into the signal analyzer and 
to store into the mini-floppy disk for permanent storage. Appro- 
priate tt igger pulses to initiate data acquisition by the signal 
analyzer have been generated by the microprocessor. When necess- 
ary, the microprocessor also generates external ADC clock pulses to 
the signal analyzer enabling the automatic sampling and acquisi- 
tion oi mul tipi u— echo maxima in the form of echo decay curve. 


Some of tiie important considerations in multiple-pulse 
experiments are the proper adjustment of phases of r.f . pulses 
(i„e« alignment of r.f. pulses along particular directions of 
interest) and adjustment of pulse widths to obtain appropriate 
flip angles (e.g. # 7i , 7i/2, 71/4 etc . ) . In all our experiments the 
desired phase difference between various pulse channels has been 
adjusted by means of phase-sensitive detection when delay lines 
were employed for phase shifting. No such adjustment was however 
found necessary when commercial fixed phase shifting devices such 
as quadrature hybrids were used for a particular phase shift. As 
far as the pulse flip angle is concerned it should be mentioned 
that for powder samples the so called 90 pulse which gives maxi- 
mum FID signal is not equal to ft/2 but it is equal to 0 . 66 Tt (see 
Chapter I). Similarly the 180° refocusing pulse for powder is 
uqual to 1.22 It. In all our multiple-pulse experiments the 
Initial preparatory pulse has been adjusted to 0.66n(by maximizing 

”*«■ ' " v ; * ■ f ‘ „ / 4 b ’ t :■ ‘jJV' 
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”=> ind ,J * pUlse «Mth of the sequence pulses are adjusted 

■ :,C "° rdinq t0 the refoc “^ pulse width requirements (which is 
deride-i by maximizing the two-pulse echo ampli tud e). 

It should bo mentioned at this point that in our spectro- 
< ^ j o tern the receiver recovery time increases during multiple 

jvul sc experiments. With a view to reduce the recovery time of the 
receiver and also to minimize the r.f. pulse feed - through to the 
receiver # we have employed a cascade of two receiver gates (based 
on Hr— 1 m* 14 A double balanced mixers). Even so# the transmitter 
pulse feed - through to the receiver could not be completely 
eliminated in our experiments. 

IV.B( 2 ) Results from Various Multiple-Pulse Sequences 

All the multiple-pulse sequences that were employed in our 
investigations can be represented by the following two general 

sequences t 

(1) 30 y -(T~ £j)-x) n ' hereafter referred to as the spin- 
locking sequence , 

and ( 2 ) 90 -{T-S -2T-0 -T) , the phase alternated multiple 

X •"‘X X il 

pi use sequence (PAPS) . 

One can out any specific sequence of interest by properly choosing 
6 and 0 in sequence— 1# and 0 in sequence— 2. For example# from 

sequence- 1 we get# 

i ) CP sequence when 0 = 180° and 0 = 0 , 
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i i cRr; sequence when e . ieo° and g . 90 °, 

-.11, Cst.rof; -Waugh sequence when « = 9o° and g _ 90 °_ 

■ ’ V ' fr °"’ “*“ nc * 2 «• «* the usual form of phase alternated 
ti< iflo pulse sequence when 0 . 180°. In our experimental study 

h,ve •"Pi’** the above mentioned sequences and also the 
sequences generated by various other choices of e and g in 
sequence 1 and 0 in sequence 2, and observed :, spin space” avera- 

qing [l j. We will now describe the results of our investiga- 
tions. 


IV. h ( 2 . i ) Investigations with the spin-locking sequence 

We first employed the well-known spin-locking sequence due 
to Ostroff and Waugh [5] which has been originally used in NMR 
and Inter adopted to KQR of spin- 1 systems [4] . Using this 
sequence we observed the persistence of spin echo train for 
times much longer than T 2 - Figs. IV. 1 (a.) to Fig. IV. 1(c) 
present the responses to Ostroff-Waugh sequence in three regions 
of time from " Cl in polycrystalline sample of KC10 3 . These 
responses are presented here after processing in the signal 
analyzer to remove the transmitter pulse feed-through. Clearly, 
these responses indicate the observation of the phenomenon of 
spin-locking in the powder NQR sample containing spin 3/2 Cl 



nuclei* We have 
analogous 


using CPMG and other 
shifts (0) 
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b “ Ween thC ****""«“* «* the sequence pulses and also 

Wjth arMtr ' 1ry *«" »».. results are discussed below. 


r V » 3 { ?. . i « a } 


Stu dy of Q-depend finrg. 


l!i tliin study we have fixed the value of (the phase 
:d:iit between the preparatory pulse and the sequence pulses) to 

50 ! , i.e., 90 x -(t-8 y -T) n 

has been used with a value of t- 200 

User. ,i he responses to this sequence as a function of "0 11 have 

35 

been recorded from 'cl nuclei in powdered NaC10„ and KC10„. We 
have observed spin-locking with on-resonance as well as off- 
resonance conditions. However, it has been observed that the 
multiple-echoes are intense when small amount of off-set is given . 
It can be seen from our studies on off-set dependence that the 
echo decay tin® constant (T 2g ) does not vary significantly. We 
have, therefore, presented all our results with small amount of 
off-set. Typical recordings obtained from NaCl0 3 with an off-set 
-3.5 KHjb and with "6" value of 180°, 130°, 90° and 45° are 
shown in Figs. IV. 2(a) to IV. 2(d), respectively. These responses 
correspond to initial 30 pulses of the sequence. However, it 
should be noted that the response to - 80 pulses has been record- 
ed for the purpose of calculation of the effective echo decay 
time constant (T^) in all these experiments. From the responses 


shown in Figs. IV.2(a) to IV. 2(d) it is clear that the spin- 
lock 1 no state is achieved for any arbitrary value for "0". From 
th.su Figures it can also be seen that the magnetisation decay 




ig. IV- 2(a) Response from 35 q jn powdered samp 
NaCI 03 to spin-locking sequence with a value 
0 = 180° (Tr 200psec, §=90 and Au>^-3-5 KHz). 
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* h ° dGC ' iy) 1S slower at low er values of pulse angle (9). In 
C‘L -Cl .'JO. os, the effective echo decay time constant (T 2£ ) increa^ 

T ’ ir ' P u ^ se angle (9) is decreased. Typical results con- 
ti t in’ this observation are presented in Table IV. 1. The t 9C . 

? . -v.;.; given in this table are calculated from the responses 
r< osidijd (with an off-set - 3.5 KHz ) as a function of "9". It 
. nould .x runtioned here that there is an error of -5% in cal- 
culation of T 2e in all the results presented in this chapter. 

fable IV » 1 Effective echo decay time constant (t 2£ ) measured 
as a function of 9 with a resonance frequency 
off-set of - 3.5 KHz from ^Cl in powdered NaCl0 3 


SI, NO. 

Flip angle (9) 

T 2£ (msec) 

1. 

180° 

13.6 

2. 

130° 

15.0 

3. 

90° 

19.5 

4. 

45° 

22.5 


A similar 9 dependence has been observed by Rhim et al. [33] 
in NMR spectroscopy. It is clear from the above data that spin 
locking occurs with the above sequence for different 9 values 
and this corresponds to the "general a veraging" as mentioned by 
Mnbinder and Furman [20]. The spin- spin relaxation time t 2 
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,'c.r this compound is of the order of a msec and the spin-lattice 
relaxation time ?l at 297 °K is - 45 msec [34]. Under the influ- 
■ 1 ' j0ve spin-locking sequence the effective echo decay 
timC constant T 2£ is much larger than t 2 and approaches in the 

order of magnitude. 

Vie have also investigated the variation of T oc as a function 

<eu C 

of © in the presence of a small Zeeman field. The results 

35 

obtained from Cl in powdered KClO^ with a Zeeman field - 9.75 
Gauss and an off-set of -3 KHz are presented in Table IV. 2. 

Table IV. 2. Variation of T oc as a function of 9 obtained 

35 

from Cl in NaClO^ with a magnetic field 
- 9.75 Gauss 


Si. 

No. 

Flip angle 
'(©) 

T 2£ 

(msec) 

1. 

180° 

16.5 

2. 

90° 

19.7 

3 . 

45° 

21.6 


Those results also are quite indicative of the fact that T 2£ 
increases as ,, 9 n is decreased. The magnitudes of T 2£ values 
measured by us are not very accurate because of the uncertainity 
in the measurement of the amplitudes of multiple echoes in the 
presence of transmitter pulse feed-through in our spectrometer 
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r i .. . 4 < 


- r v-icrk is in progress in order to improve the 

' " | ' 1 11 ' r 1 r.cse results. 


*4 


r :> 


* ! ^ of /j - dependenc e ; 

jr.ir, study has been performed for various values of 
1 ' ji iU i ^ to 380 . Two typical values for pulse angle 

(€i) have been considered and the pulse separation T ha.s been 

tp>v 

f ixod at -200 Usee. V/e first employed the modified CP sequence 

(i. . 0 « 0 as in the original CP sequence, with 0 = 90°. 

H<- real t.c r , wherever we say modified CP sequence, we mean the 

above modification in terms of "0" alone) . The response to 

35 

modified CP sequence in three regions of time from cl in 
j>owdered KCIO^ ate presented in Figs^III^(a) to Fig. ^111^3 (c) . ' 

Th«. throe time regions chosen here are same as those for the 
Ostrof f-W^ugh sequence response shown in Figs. /i II. 1 (a) to ^ 

III. 1(c). jtt is surprising to note that the spfn-rocked state 
'is established even with the modified CP-sequence which involves 
no phase shift (0 * 0) between the preparatory pulse and sequence 
pulsus. Also, a closer look at Figs. (ill. 1 and III. 3 ) shows that 
the responses to Ostroff-Wsugh and modified CP-sequence are 
comparable and spin-locking is achieved in both the cases. This 
fact iu further confirmed from responses to these two sequences 
room nod from 3b Cl in powdered NaCl0 3 (see Figs. III.4j and III. 5) . 
We have also Observed spin-locking using the simple CP-sequence 
{0 . 0° and 9 * 180°). Table IV. 3 presents our results employing 


Time (msec) 



3 Response from 35ci in powdered sample of KCIO 3 
to modified CP- sequence (T=200 jjsec and Aau = -2 KHz)-, 
(a) response of initial 32 pulses, (b) response of 100-128 
pulses, and (c) response of 215-240 pulses (Relative 
amplitudes of multiple-echoes in a! I the three Figures 
are in the same units). 




Signal Amplitude (arbitrary units) 
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Time (msec) 


Fig. IV- 4 Response from 35CI in powdered sample of NaCI0 3 
to Ostroff- Waugh sequence ( T= 200 p sec and A<^ = 
-2KHz)» (a) response of initial 32 pulses, (b) response 
of 100-128 pulses and (c) response of 215-240 pulses 
(Relative amplitudes of multiple-echoes in all the 
three Figures are in the same units). 
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CD a 90 ° P hase shift (/ = 90°) and (id.) without any phase shift 
(^ = 0 ) with an off-set of - 3.5 KHz. These results clearly 
confirm the fact that, in the case of spin 3/2 nuclei in powdered, 
samples , the spin-locked state is achieved not only by the appli- 
cation of pulse sequences involving 90° phase shift (i.e., CPM3 
and Ostrcfr-Waugh sequences) but also by the application of those 
involving no phase shift (i.e., CP- and modified. CP-sequences) . 

Table IV. 3 Comparison of results obtained with and without 
phase shift using spin-locking sequence 


SI. 

NO. 

z 


Q 

, T 2£ 
(msec) 



180° 

(CP) 

14.3 

1. 

0° 

r\ 





90 

(modified. CP) 

17.6 


O 

180° 

(CPMG) 

13.6 

2. 

90 






90° 

(OW) 

19.5 


It is worth mentioning at this juncture that, this result 
(i.e. the observation of spin-locking effect with CP- and modi- 
fied CP-sequences) is not obtained in NMR spectroscopy of solids, 
because the flip angle errors associated with CP-sequence cause 
multiple echoes to decay faster* Also, this aspect (/—dependent 
study) has not been given much importance earlier in the litera- 
ture of multiple-pulse spin^-locking usi^., powder NQR samples. 
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,]< ,,'i curried out spin-locking experiment employing 0 values 
in the general sequence 90 K -[* -e (;< +je , ) -‘C] n . Surprisingly, we 
wt:rt! observe spin-locked state with any arbitrary 0 value 

r inning 1 rom 0 J to 360° (for typical results, see Pigs. IV. 6(a) 
h. I « (1) ) . These results on powder NQR samples containing 

3 ^ 

Cl (l = 3/2) nuclei cannot be explained on the basis of any 


<" f tin presently available theories on multiple-pulse responses 
of NQR systems. The most general theory for multiple- pulse spin 
locking presently available is that of Ainbinder and Furman [20 J. 
Thin theory is applicable to NQR systems with arbitrary spin. 

This theory, however, predicts that the spin-locking state can 
realized by the above sequence (for an arbitrary 0) only if 
the phase 0 * (2 k + 1) 7l/2 , where k = 0, 1, 2; i.e. , one can 
observe spin-locking only for the 0 values of n/ 2, 3 n/ 2 and 
b 71/ 2 {s 71/2) . On the other hand, we have observed spin-locking 


in powders even in cases which do not satisfy this phase condi- 
tion. Therefore, a suitable theoretical frame work to explain 
the present experimental results on spin 3/2 nuclei in polycrys- 
tal lino samples needs to be developed. To our knowledge, no 
study has been carried out todate on /-depdendence in single 
crystals. Such studies would also be of help in assessing the 
validity of the Ainbinder and Furman theory for spin I = 3/2 case. 
The unexpected result that spin-locking state is achieved indepen- 
dent of phase 0 is most likely due to the powdered nature of the 
samples used in the present study, where the efg axes of various 
crystallites are oriented randomly in space. 
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IV . B ( 2 . i . c ) Study of off-set depende nces 

Wo chose the uPMG- sequence (j£ = 90° and G = 180°) for this 
study. The pulse separation, t , in all these experiments has 
been kept constant at - 200 nsec. We have performed our experi- 
ments in the off— set range of —7 KHz (i.e., 7 KHz below the reso- 
nance) through the resonance condition to + 7 KHz (i.e., 7 KHz 
above the resonance). Spin-locking could be achieved in the 


complete range of off-set studied.. Typical responses obtained 
35 

from Cl in powdered KClO^ at off-set values of -3 KHz and +5 KHz 
are presented in Figs. IV. 7 and iv.8, respectively. The effective 
echo decay constant T 2£ did not vary significantly as a function 
of off-set but remained constant at -20 msec in the whole off- 
set range covered in our investigations. It should be mentioned 
here that the values for this compound at 300 °K is 21 msec 

[34j and the T 2£ obtained in our experiments approached this 
value. A plot of the quasi-stationary magnetization in the spin- 
locked state as a function of off-set is shown in Fig. IV. 9. This 
plot is similar to the theoretically predicted one for powdered 
samples containing spin-1 systems [23]. 


We have also investigated the effect of off-set in the 
presence of a finite magnetic field of - 9.75 Gauss. Here again 
T_,. remained constant at - 20 msec over the complete range of 

£» It' 

off-set indicating that T 2£ is not affected by a small magnetic 


field 









A plot showing the dependence on off 
magnetization as measured from 35 
CPMG sequence. 
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Iv.B(2.i.d) Study of T -dependen ce? • 

In the literature on multiple pulse NQR of spin-1 systems 
there are varying prepositions about the long-time behavior of 
the magnetization in a spin-locking experiment (i.e. the depen- 
dence of the echo decay time constant on x ) . The original experi 
ment of Marino and Klainer [4J showed a T -5 dependence. With a 
view to obtain a functional dependence of on T , we have 
carried out spin-locking experiments in the x range of 100 Msec 
to 900 Msec. We used the Ostroff-Waugh sequence (jZf - 90° and 

Q = 90 ) for this purpose. The investigations were carried out 

35 

on Cl in KClOg and NaClO^ in the above mentioned T range. 
Spin-locking effect was observed in the complete T range in both 
the compounds (T^ for both of the compounds is of the order of a 

q 5 

msec). Typical responses obtained from Cl in powdered KCIO^ at 
T values of -150 Msec and -300 Msec are presented in Figs. IV. 10 
and IV. 11/ respectively. It should be mentioned here that, 
though we have observed spin-locking state in the complete x 
range it was not possible to obtain a functional dependence of 
on T because of the following reason. It has been pointed 
out earlier in this chapter that the transmitter pulse feed- 
through appears at the receiver output in our spectrometer 
system. Because of the presence of the feed-through pulses in 
our responses the echo base— line could not be identified pro- 
perly. Particularly in the region of lower x values this problem 

Consequently, the magnitude of the calculated 


was more severe. 
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T 2£ values were not accurate and it was not possible to obtain 

a r-recise functional relation between and t. 

At 

IV.B(2.ii) Investigations using phase alternated multiple 
pulse sequence (PAPS) 

In multiple -pulse i-IQR spectroscopy, the theoretical and 
experimental investigations employing PAPS have been done by 
Osokin [8-10, 24, 25] on powdered samples containing spin-1 
nuclei. To the best of our knowledge, there has been no inves- 
tigation in the literature concerning the action of PAPS on 
spin-3/2 systems. Typical recordings obtained for three diffe- 
rent "6" values, namely, 180°, 90° and 45'aton-resonance from 
2 5 

'" Cl in KC10 3 using PAPS are presented in Figs. IV. 12(a) to 

IV. 12(c). Response to only the first thirty phase alternated 

pulses have been shown in these figures with a X value of 

-200 juscc. However, in actual recordings responses to more 

than 100 phase alternated pulses have been observed and the 

magnetization persisted for more than 100 msec in the case of 

KClO^ and -2C0 msec in the case of NaCl0 3 . This clearly shows 

that spin space averaging of NQR line broadening interactions 

can be achieved using PAPS in spin- 3/2 nuclei in powdered samples. 

The T„,. values calculated as a function of Q with a resonance 
2fc 

35 

off-set of -3 KHz ( T -200 j a sec) obtained from Cl in NaCl0 3 are 
tabulated in Table IV. 4. 




(sviun AjDJiiqjD) 0pn;i)duuv pu6jg ^ 


j 


Fig.IV-12(b) Same as that of Fig.IV-12(a) with a value for 9 = 90°. 




Fig. IV 12(c) Same as that of Fig. IV. 12(a) with a value for 0 =45°. 




287 


Table IV . 4 Variation of T oc with "8" as observed by PAPS from 
^ ^ 

Cl in rowdered NaClO^ 


Si . 

HO. 

G 

T 2 £ (msec) 

1. 

180° 

26.90 

2. 

90° 

32.12 

3. 

45° 

37.53 


It is clear from the table that T 2£ increases as is 

decreased and approaches very close to the value of 45 msec, 
the st 'in-l.attice relaxation time (T^ ) for this compound. 

We have also observed the elongation of echo decay time 
employing PAPS for T values ranging from 100 to 600 Usee and the 
averaging effect has been observed throughout the r range. How- 
every, our calculated T 2 £ values* particularly at lower t values, 
were not accurate enough to enable us to come up with a function- 
al relation between 1 ’ 2 £ an ^ t on account of the transmitter pulse 
feed through problem. Efforts in the direction of quantifying 
the long time behavior of the magnetization are in progress. 

IV.B(2.iii) Conclusions 

Multiple-pulse line narrowing by means of averaging in the 
spin space has been achieved in HMR of solids by the utilization 
of two different classes of pulse sequences, namely, 


multiple- 
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pulse sequences leading tou)"general averaging," and ( ii ) "seled-iue onJerwjinj 

very utils? 

work in th is area has been done in NQR, particularly in the case 
Oi I > 3/2 systems. We have carried out our investigations 
on ploying syin-locking and phase alternated multiple-pulse 
sequences on powdered samples containing I = 3/2 nuclei. Follow- j 
ing cone j. us ions are drawn from our studies? 

(l) We have observed the spin— locked state by employing \ 

CPMG and OW pulse sequences. Apart from the usual spin-lock- 
ing sequence that has so far been used in NMR and NQR litera- i 

tune, namel 7/ 90 x “[ T “ €l (x+90)~ T -^n we have employed a more general | 

| 

sequence, namely, “* T ] n in our experiments. Our 

results on powder samples have shown that spin-locking can be 
achieved for any arbitrary phase difference (/) between prepa- 
ratory pulse and the sequence pulses. So far in the literature 
of NQR there is only one theoretical frame work due to Ainbinder 
and Furman [20] which is valid for any general spin. Using the 
canonical transformation technique and K-3-M averaging method 
they have obtained the average HamiltonianH which describes 
the spin system under the action of the multiple-pulse sequence. 

It is known that spin-locking state will be realized upon satis- 

CO >-» i ^ 

faction of the condition [P + (0) ] = 0, here P + (0) is the 

density matrix immediately following the first pulse. The 
above condition means that, for obtaining spin- locked state, 
the orientation of the magnetization of the spin system after 
the preparatory pulse should coincide with the orientation of 
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the effective field produced by the multiple-pulse sequence. 
Following these ide s and by using the above mentioned tech- 
nique for obtaining , Ainbinder and Furman have come up with 
a condition on phase (/) requirements for achieving the spin- 
locked state in SQR (see Section IV. A) . However, it should be 
noted that, we have observed spin-locking in the case of powder 
samples containing spin-3/2 nuclei without satisfying the con- 
ditions that have been imposed on phase requirements by the 
theory of Ainbinder and Furman. This means that their theory 
is not of such general validity as one would have thought of 
at first. Detailed phase (/) dependent studies on single crys- 
tal samples on a large variety of spin systems would help in 
further evaluating the general validity of the Ainbinder- Furman 
theory. 


(2) Our multiple-pulse investigations have shown that the 

echo decay time con ~tant, T^, approaches the spin-lattice 

relaxation time, T. . For example, we have obtained a value for 

1 ', - 20 msec in the case.' of KC10, and -37 msec in the case of 
d It -3 

f’aClO,, indicating the attainment of high resolution (-25 to 
50 Ha). Here ’the numbers for the resolution have been estimated 
by taking inverse of the observed ^22 va -*- ues • Also, as pointed 
out by Marino and Klainer [4] one can take advantage of enhanc- 
ing the S/N ratio by co-adding the multiple echoes within a spin- 


locked spin-echo sequence. Thus, by employing multiple-pulse 
technique one can simultaneously enhance the resolution and 
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S/N ratio in a much shorter time. The technique can therefore 
be exploited to detect weak NQR signals from powder samples 
containing spin— 3/2 nuclei. It should be mentioned that our 
results on /-dependence have shown that for powder samples 
/-requirements are less stringent and hence the s/N ratio can 
be easily enhanced in powder samples containing I = 3/2 nuclei. 

(3) In our experiments, the value of T 2£ has increased 
as © is reduced for a given value of t in the spin-locking 
sequence. The study as a function of x has indicated that the 
spin-locking can be observed as long as. x<t. These results 
are consistent with that obtained in NMR [33] and also in the 
case of spin-1 NQR systems [8]. 


(4) We. have also investigated the influence of PAPS on 
spin- 3/2 powder samples. The results show that the spin space 
averaging could be obtained using PAPS and the echo decay time 
constant could be enhanced to approach T^ with this sequence. 
Studies as a function of © in PAPS experiment have also shown 
that T 2t increases as © is decreased. This result is consistent 
with that observed by Osokin [8-10 ] in the case of powder sam- 
pl«as containing spin-1 NQR systems . 


Summary 

In this chapter we presented the results of our experimental 

35 

investigations on multiple-pulse responses from Cl (I = 3/2) 
containing polycrystalline samples. Several multiple-pulse 
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sequences were considered for this purpose. These investigations 
were carried out employing the microprocessor-controlled pulsed 
NQR spectrometer described in Chapter II. After surveying the 
available literature on multiple- pulse studies in NQR , the 
experimental results obtained from various multiple-pulse sequen- 
ces have been presented. Two general sequences were considered 
for the purpose of spin space averaging, namely, (i) the spin- 
locking sequence, i.e., 90 x -[' c “ e ( x+ #)- T ] n ' and the phase alter- 
nated multiple-pulse sequence, i.e. 90 -[t-Q -2t-e -t] . An 

interesting observation was made by us that spin-locking with arbi- 
trary 0 values using the sequence (i) above could be achieved in 
' ’ Cl containing powdered samples. The only theoretical frame 
work for spin-locking in NQR that is applicable for any general 
spin is due to Ainbinder and Furman. However, this theory pre- 
dicts spin-locking only when 0 = (2 k+l)n/2. Clearly, our experi- 
mental results show that the phenomenon of spin-locking in powder 
samples in NQR is not restricted to these 0 values alone. The 
results from our experimental investigations as a function of 9, 
off-set and T were also presented in this chapter. It has been 
pointed out that significant resolution and s/N improvement can 
be achieved from spin-locking experiments. 

We have also observed the lengthening of the transverse 
magnetisation under the action of phase alternated multiple- 
pulse sequence (PAPS) which is the result of spin space general 
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averaging. The averaging effect has been observed for arbitra- 
ry © (see sequence (ii) above) and for t < T 0 using PAPS. 

This chapter ends with the conclusions drawn from the 
present multiple-pulse investigations on powder samples contain- 
ing spin- 3/2 nuclei. 
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SCOPE FOR FUTURE WORK 

The present microprocessor-controlled pulsed NQR spectro- 
meter can be upgraded by the following modifications. The r.f. 
power transmitter used in the present spectrometer system is 
capable of delivering a maximum r.f. power of £ 800 Watts. 
Enhancing r.f. power to KW range is advantageous bacause pulse 
duration would then be shortened. This is useful for a whole 
range of NQR experiments including multiple-pulse experiments. 
Also performing soft-pulse excitation experiment with hard xr - 
pulse leads to better refocusing of the interactions prepared 
by soft-excitation pulse and yields reliable ZSEEM. Another 
modification of the spectrometer is in terms of A/D conversion 
rate of the signal analyzer. It will be useful to enhance the 
present A/D conversion rate of 400 KHz to MHz range. This will 
help in acquiring fast decaying signals and also multiple-pulse 
responses in short intervals. 

Our investigations on soft-pulse excitation experiment 
showed an initial oscillatory behaviour: in the ZSEEM spectrum. 
Wc have proposed that this behaviour is due to random orienta- 
tion of efg tensors in the powder samples studied. Soft- pulse 
excitation experiments on single crystals may throw some light 
or. this aspect. 



296 


We have observed spin-locking employing the sequence 

9 V (x+0) ^ ^ n ^ or varaous values of t ,<T 2 * However, the 
unccrtainity in identifying the echo base-line in the presence 


of transmitter feed-through pulses in our spectrometer system 
(particularly for lower T values) has prevented us from obtain- 
ing a quantitative relation between T 9£ and T. Suppressing 
transmitter feed-through pulses either by means of Q-damping 
of the probe or by means of better receiver gating schemes 
would help in obtaining quantitative accuracy and to come up 
with a functional relation between and T. Multiple-pulse 

experiments on single-crystal samples are also of interest. 


We have observed spin-locking with arbitrary H5 values 
from powder samples containing Cl (I = 3/2) nuclei using the 
spin-locking sequence. This observation cannot be explained 
on the basis of presently available theories. Development of 
a general theory of spin-locking in NQR for powder samples is 
therefore of enormous interest. It would also be interesting 
to design theoretically the pulse sequences which can cause 
selective averaging and implement them in NQR spectroscopy in 
analogy with WAHUHA-4 and MREV-8 pulse cycles used in high 
resolution NMR of solids. 



